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POLARISED LIGHT- 

BY W. SPOTTISWOODE, F.R.S. 

AccORDiNa to the proposal of tlie director ^ho has organised 
the present course, the lecture of this morning ’will he devoted 
to a description of some of the principal instruments used 
for investigating polarised light, and to an explanation of 
their use. With this purpose in view I have selected a few 
from the magnificent collection now in the Loan Exhibition. 
These you may now see on the table, and although they are 
only a few out of many, I doubt not that we have enough, 
or even more than enough, to occupy our attention during the 
hour at our disx 30 sal. With one exception my selection has 
been confined to the smaller and simpler instruments, partly 
because, following the example of Professor Stokes, it will 
be my object to explain principles rather than to repeat 
experiments, and to indicate what may be done with instrU' 
ments of the simplest form, and even of home construction ; 
and partly because it has been suggested that at one of the 
evening lectures I should make use of the larger and more 
elaborate instruments, and hy their aid exhibit the magnificent 
phenomena to which the subject gives rise. And let me here 
take the opportunity of drawing your attention to the fact 
that at present the collection of apparatus appertaining to 
polarised light is unique, and that it furnishes the means of 
exhibiting the effects in question on a scale never before 
attempted. 

Light is said to he polarised when it exhibits certain pecu- 
liarities, to he hereafter described, which, it is not found 
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geixexally to possess. An instance of tliis is fiiniislicd l\y 
the familiar -pxocess of reflexion. When a ray of light 
falls upon a smooth or polished surface it is usually rollect(Ml, 
•whatever be the angle of incidence upon the surfa(a‘. Ami 
the same is true, even if the ray should undergo n^ikoxioii at 
a second, ox a third, or at any number of surfiUHM. Tlnu'e 
are, however, particular substances which, although 2)res(‘iiting 
X 3 olished surfaces, do at certain angles of incicUaic.e fail to 
give rise to a reflected ray, when after one rtdlexion the- ray 
has fallen iix^on a second surface. Again, there are t.rans])arent 
substances which at certain angles of incidence fail to 
transmit a ray of light wliich has prcvioxisly undergone 
reflexion or refraction under suitable conditions. Agjiin, 
there are dispositions of perfectly colourless transparent 
crystals through which, if ordinary light he transmitted, 
sp)lendid effects of colour are produced, and this in a way 
q^uite distinct from the prismatic dispersion explained y(»ster- 
day by Professor Stokes. But in all cases wherc^, contrary to 
expectation, either the reflected or the refracted ray is al>sent, 
or where colour is so produced, it will be notice<l that the 
peculiarity occurs, not at first a reflexion or refraction, nor 
when a single piece of crystal is used, but whem the light, 
having already undergone one of these processes, falls \ipon 
a second reflector or refracting substance. The light must in 
fact have first undergone some modification, and the cflcct of 
the modification is brought to evidence at a second process. 
This modification, which takes place in various forms, and 
which may be effected in various ways, is called 1 Polarisation ; 
and the process by which light is examined, whether it be 
p)olarised or not, is called Analysation. Similarly, the instru- 
ment, of whatever kind, used for the first process, is called 
the Polaiiser ; aud that used for the secuinl the Analyser, 

Let us now come to closer quarters vdili the subtject. If 
I take a flat plate of ordinary glass and interpose it in the 
path of a beam of light, i^art of that light will be reflected 
from the surface, and part will be transmitted through the 
plate. And this will be the case at whatever angle the light 
falls upon the glass. And if either the reflected or the 
refracted heam he received ujoon a second plate, the same 
results will in general ensue. If, however, the beam of 
light being in a definite direction, say horizontal, the first 
plate of glass he inclined at about one third of a right angle 



POLARISED LIGET. 


tJ> 


to the beam, then both the reflected and the transmitted ra^^s 
will be found to be in peculiar conditions. For if either of 
them he received ux-)on a second plate of glass at a similar 
angle of incidence, then it will be found that in certain 
positions of the latter, or analyser, as I may at once call it, 
the reflected ray, and in others the transmitted ray, will be 
wanting. To ex^olain these positions I would remind you 
that while the glass plates maintain the same angle of inci- 
dence towards the ray incident upon each, they may each be 
turned into various positions. Thus either of them may be 
so directed as to face upwards, or do^vn wards, or towards you, 
or towards me. Suppose, for example, that the flrst plate, 
or polariser, faces upwards, and that we consider only the 
beam, which having been reflected from the polariser is 
either reflected from, or transmitted through, the analysing 
plate ; then it will be seen that when the analyser faces 
either towards you^ or towards me, the reflected rays will 
be wanting, but the transmitted rays will be present. 
"When, on the other hand, the analyser faces upwards or 
downwards, the transmitted rays will be wanting but the 
reflected present. And further, as the analyser is turned 
round from one of these positions to the other about the 
beam as an axis to which it always remains inclined at the 
same angle, the relative brightness of the two beams will 
gradually alter. When the angle of turning amounts to 45% 
one will have increased and the other diminished in bright- 
ness, so that both are of the same intensity 3 and when the 
angle reaches 90% the beam which had been first extinguished 
will have attained its full brightness, while that which had 
been bright wull have been extinguished. When these pecu- 
liarities are found to appertain to either the reflected or the 
Lransmitted beam, the light so examined is said to be polar- 
ised. And it is to be observed, first, that the direction in 
which this peculiarity is found depends upon the position of 
the flixst glass plate, or polariser. For instance, when the 
polariser faces ux>wards the heam which would he reflected 
from the analyser towards you is found to be extinguished 3 
then, if the polarizer he turned so as to face towards you, the 
ray which would he reflected from the analyser upwards will 
be extinguished. And so likewise for any intermediate posi- 
tion of the polariser. Also, since the efiect in question 
ax>pertains to the entire heam of light, it appertains to every 
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ray of -whicli it is composed ; in other 'svords, the eilect belongs 
to a general direction running tlirongli the whole, or to a 
direction determined by a plane, e.g., that of the pola riser. 
Moreover, since, as described before, the beams reflected and 
refracted by the analyser are respectively extinguished by the 
analyser in two positions at right angles to one another, the 
two beams are said to be polarised in two planes at right 
angles, or to have their planes of polarisation at right angles 
to one another. This, then, is one test of j)olarised light. 
If we proceed in the same manner to examine the beam trans- 
mitted by the polariser, similar effects w^ill be noticed, c^xct‘[)t 
that the positions for extinction will he reversed. The extinc- 
tion described is, however, in fact, only partial, not camiplete ; 
blit it will be enhanced or rendered more complete if, iiistead 
of using a single plate of glass, we use a nuniher of plates 
placed close together. The reason is this, that the effect is 
produced in the passage of the light through the glass, and 
the effect produced by one plate is carried on to a givatiu* 
degree by a second, and so on until by the use of a sufficient 
niunber a state of polarisation as nearly coniplelti as v'c 
desire may be obtained. With a dozen plates of thin micro- 
scopic glass excellent effects are produced ; but live or six 
plates of ordinary thin glass, say 1-1 inch long and *1 biAi 
broad, held obliquely at the angle before descril)ed, will do 
very well, and is altogether preferable to a single plati*. 
From tbe fact that, when the plates are proi^erly placiul, both 
the reflected and the transmitted rays arc polarised, there 
follows the important principle that, whether we use reileet,i*d 
or transmitted light, we may at pleasure iiiterchaugi* the. 
polariser and analyser ; in short, that any instrinncui which 
will serve for one purpose will serve for the other. Tlie. 
bundle of glass will therefore furnish you with a bt^am of 
reflected and a beam of transmitted light, both polaiis<nl ; 
but since the transmitted beam preserves its direction when 
the bundle is turned round, while the reflected beam dues 
not, it is generally more convenient to use the f oriner. 

It was on account of the fact that a beam of light, when acted 
upon in a certain direction across its line of progress, is uiuler 
certain conditions capable of being extinguished by pro<iesses 
which do not ordinarily extinguish light, that a beam^of light 
when so acted on was said by Sir Isaac Newdon to have sides. 
And inasmuch as this effect had reference to direction, it was 
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supposed to have some analogy to tlie eifects of magnetism 
or electricity, or to otlier actions comprised under the general 
term polar. And light so affected was therefore said to he 
polarised. The term is perhaps not altogether felicitous or 
self-explanatory, hut it is probably too late in the world's 
history to change it. 

And now, passing from the direct instrumental examina- 
tion of polarised light, it is necessary to say a few words on 
the physical explanation which has been proposed of the 
X)heiiomena. Tight, according to the wave theory, is supposed 
to be due to the vibrations of a certain elastic medium which 
is diffused through all space, and which is capable of under- 
going vibrations. The vibrations, to the effect of which on 
the retina the impression of light is attributed, are extremely 
small in amplitude and extremely rapid in succession ; and, 
for reasons too long to be enumerated here, may be regarded 
as always taking place in planes perpendicular to the ray. 
In these planes the actual motion may have any direction and 
form compatible with the mechanical constitution of the 
vibrating medium, or ether as it is called. But, in particular, 
there are reasons for thinking that the paths or orbits are 
always straight lines, or circles, or ellipses. The straight 
lines, and the longer axes of the ellipses, may have any 
direction in the perpendicular plane through the ray ; and 
the direction of motion in the circles and ellipses may be 
either direct or retrograde. 

We will first consider more in detail the case of rectilinear, 
or straight line, vibrations. The general principles which 
regulate this case are applicable, costeris paribus, to the others; 
but it is convenient to begin with the simplest form. Ima- 
gine then a row of particles of this ether lying originally in 
a straight line to be successively disturbed from their positions 
of rest, and then allowed to fall back again. The successive 
motion of the particles may be due to their mutual attractions 
when one of them has been once disturbed ; or it may be due 
to other forms of elasticity. But whatever be the physical 
cause, the motion gives rise to a wave-lil^e configuration which 
is passed on throughout the row of particles, and produces 
what is understood as the progressive motion of the waves. 
Now in ordinary, or unpolarised light, the successive dis- 
turbances or impulses communicated to any particle need not 
be all in the same direction; and there is experimental 
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evidence for tliinking tliat at different i)arts of tlio raj tlio 
directions undergo abrupt changes. In 

the contrary, whatever he the direction of vibration in one 
part, the same is maintained tlironghont the whole ray. Tliat 
is the mechanical explanation of polarisation. If tlaai the 
transmission of a beam of light through a bundle of glass 
plates such as I have described has the effoct of brioging all 
the vibrations into a certain direction dependent upon the 
direction in which the plates face, it is not difficult to conclinle 
that the effect of a second bundle upon the polarisation of 
the rays will he nil if it faces the same way as the first. To 
fix our ideas, suppose that the vibrations of the rays reflected 
from the first bundle bo horizontal ; or in other words, that 
its facing (or azimuth as it is termed) is such that it will 
reflect only horizontal vibrations. Then it is clear that if 
the second bundle have the same azimuth it will not afiect tie*, 
direction or plane of polarisation, because it has reeeiv(ul 
those vibrations, and those only, which it is capable of re- 
flecting. If, however, the second bundle be turned in the 
manner described before, the direction of vibrations which it 
is capable of reflecting will turn with it, and the vibrations 
falling upon it will be oblique to those which it can rtdiect, 
ISTow motion oblique to a given plane may bo consideriMl as 
composed of two motions partly in the plane, and partly 
perpendicular to it; because if the oblique motion be replaccMl 
by these two motions executed successively in suitable times, 
the moving body will arrive at the same x>osition in the Hame 
time, whether it has passed by one of these paths or hy the 
other. The oblique motion is then said to have been riisolvetl 
in two directions, viz. parallel and perpendicular to the x>]anc 
in question. The second bundle of glass will therefore refle<it 
only that part of the vibrations falling on it which can be 
resolved into its own plane ; the part resolved into the per- 
pendicular direction will altogether fail to bo reflected. The 
amount of light reflected will consequently diminish according 
as the second bundle has its azimuth turned away from that 
of the first ; and when the turning has reached a right angle, 
no light at all will be reflected. 

Uow for producing these effects we are not confined to 
glass ; but we may use instead almost any other substance, 
except metals ; and the only question is, at what angh^. inci- 
dence must take place in order most effectaally to j)olariso the 
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light. In the case of transparent snhstances there is a very 
simple law, as follows : When light falls upon the surface of 
a transparent medium part is in general reflected and part, 
after undergoing refraction or bending, is transmitted. The 
angle of reflexion is, as you well know, equal to that of inci- 
dence ; that of refraction depends upon the relative densities 
of air and of the transparent medium ; and the angle between 
the reflected and the refracted rays will therefore vary with 
the angle of incidence, and when the latter angle is such 
that the reflected and refracted rays are at right angles to one 
another, the light, both reflected and refracted, is most com- 
l)letely polarised. This angle of incidence, which is of course 
different for different substances, is on this account called the 
polarising angle. You will doubtless remember that the 
polarisation of the reflected ray is perpendicular to that of 
the refracted ray. 

Beside the method which we have as yet used, viz. re- 
flexion and refraction by glass, there are other methods of 
polarising and analysing light. The most important of these, 
and the one which I now propose for your attention, is the 
transmission through crystals. Generally speaking crystalline 
bodies reflect and refract light like glass, or water. But, 
unlike glass or water, they divide every ray which they 
transmit into two. Here is a block of Iceland spar, or 
calcite, the crystal generally used in researches on polarised 
light ; first, hecause it is perfectly colourless and transparent ; 
secondly, because it is found in masses sufficiently large for 
all oj)tical purposes ; and thirdly, because it possesses the power 
of separating the rays into two in a very high degree. Its 
natural form is that of a rhombohedron, having two obtuse 
and two acute angles. Bays of light passing through such a 
crystal are, as observed before, generally divided into two, or 
doubly refracted. But there is one direction, and one only, 
viz. that of a line joining the two obtuse angles, in which no 
such division takes place. This line is called the axis of 
the crystal. The greater the angle made by the incident ray 
with the axis, the greater the separation ; and at right angles 
to the axis the separation is greatest. The block of spar 
which I hold in my hand has had its two blunt angles cut 
off ; and if we look tbrough the faces so artificially formed, 
we shall see a single image of objects beyond ; but if we look 
through in any other direction we shall see t%vo images. 
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We are not liowever here so miicli sjoecially concerned with 
tlie fact of double refraction as with a peculiarity which 
accompanies it, viz* that each of the rays produced by double 
refraction is itself polarised, and that the Uvo are polarised 
in planes at right angles to one another. This is seen by 
analysing two such beams of light. If the analyser be placed 
so as to extinguish one of them, the other is at its brightest. 
If the analyser he then turned round the first beam wall begin 
to appear, while the second fades. When the angle of turn- 
ing reaches 45®, the two are equally bright ; and when it 
reaches 90®, that which has been extinguished is at its bright- 
est, while the other has disappeared. An arrangement of 
spar producing these effects with the greatest degree of 
separation between the two sets of rays, is called a donhle- 
image prism j and from its convenience in turning round is 
ill many ways jireferable to the glass plates. l>ut -when great 
size is required, it is both difficult and expensive to obtain 
suitable spar for the construction of the insi.rument. 

It is, however, not always necessary, nor iiideetl ahvays 
convenient, to have in the field of view both tlu^ iniag(‘S due 
to double refraction. We often require a siniph* beam of 
polarised light, and in such case a double image })n<m 
gives us more than w^o ■want. To meet this incom'cnioiice, a 
very ingenious arrangement was devised for gcdtiiig rid of 
one of the beams. A block of sx>ar so prepar(‘d ns to give 
good double refraction is cut diagonally across, and cauiiented 
together again with Canada balsam. The refratdivt^ powt‘r of 
this substance is different from that of the spar : and the 
angle of cutting is so arranged that at the surfat^c of the 
balsam one of the rays undergoes total riffiexion, and is thus 
thrown entirely out of the field. There then remains visible 
only a single beam of perfectly p)olarised light, dliis insiru- 
ment is named after its inventor, a Kicol prism. The. eial 
faces of such a prism are very delicate, and should lx* ju’e- 
served and cleaned, when necessary, ■with the greatest care. 
A pair of instruments of 'whatever kind, one of which is 
used for polarising, the other for analysing, light, is called a 
polarisGope ; and a pair of hficol prisms, or a ITicol and a double 
image prism, is the most com^enient form of polarlsc.iipe as 
yet invented. It is not, hov/ever, essential that the polariser 
and analyser should be instruments of the same kind ; we 
may polarise by reflexion or refraction with glass plates, ami 



POLARISED LIGHT. 


9 


analyse by a ITicol prism, or vice versd. In fact, any in- 
strument wliicb will serve as a polariser will serve eq[ually 
well as an analyser. And by means of any one of these 
instruments we can convert a beam of ordinary into a beam 
of polarised light, whose plane of polarisation lies in any 
required direction. 

Now out of this effect of double refraction another impor- 
tant property of crystals follows as a consequence. When a 
ray of light passing from a rarer to a denser medium, as from 
air to glass or water, falls obliquely on the surface sexoarating 
the media, it is refracted or bent out of its original direction 
towards {i.e. in such a way as to make a smaller angle than 
before with) the perpendicular drawn at the point of incidence 
to the surface. This refraction or deviation is due to the 
slower rate at which the light travels in the denser than in 
the rarer medium. Hence we may conclude that of the two 
rays produced by double refraction that which is most deviated 
moves slowest. The entire action of the crystal is conse- 
quently, first, to divide each ray into two, or doubly refract it ; 
secondly, to polarise both these rays in planes at right angles 
to one another ; and thirdly, to make one of the rays to tra- 
verse the crystal slower than the other, or to retard one more 
than the other. If, therefore, we consider, as we must, that 
the two sets of rays consist of waves of the same length, then 
the waves of the one set will be retarded, or made to lag 
behind the other to a certain extent ; and if by some 
mechanical or optical arrangement we bring these two sets of 
vibrations, which are now at right angles to one another, 
into one and the same plane after they be emerged, then 
instead of the waves being exactly coincident as they would 
have been if the light had moved all with the same velocity 
through the crystal, the one will be somewhat behind the 
other j that is, the crests of one set of waves ‘will be behind 
the crests of the other set, and the hollows of the one set be- 
hind the hollows of the other. Although the result of this 
is pretty well known, I will, nevertheless, bring to your 
notice a little instrument devised by the late Sir C. Wheat- 
stone, by -which the effect is very clearly shown. As now 
arranged, the two sets of waves coincide ; but by moving a 
slide so as to bring the crests of one set to coincide with the 
hollows of the other, the effect is to reduce the combined wave 
to a straight line, whereas, when the crests are coincident the 
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comjoound 'wavo ^vill be double the beiglit of eacb of tlie 
component waves. As one is gradually retarded or tlirowii 
behind tlxo other, the compound wave becomes less and less, 
until at last, when the crest of one wave is oi)positc the. hollow 
of the other, the combined wave is absolutely destroyed. And 
the same thing occurs if one wave is advanced in front of llio 
other. 

hTow consider for a moment wliat has happened. There 
we have two hTicol prisms. A ray of light after passing 
through the first emerges j^oh'^'^dsed. Suppo^^c for a momteit 
that the vibrations are horizontal; this being so, if the 
second prism is in a similar x30sition, the light would pass 
through. But if the second prism he turned round through 
any angle it would only transmit the oblique vibrations, 
partly horizontal and partly vortical, and when wo turn it 
round at right angles to the first, the light will ho extinguished. 
Supposing now that I introduce into this space a plate of 
crystal, such as mica, upon it there falls a certain beam of 
light whereof the vibrations are horizontal. On entering the 
plate every ray of the beam will he divided into two, and the 
vibrations in one of those rays will be in one direction, and 
the vibrations in the other will he at right angles to the first. 
Sui^pose, for convenience, the plate to be so placed that the 
vibrations which it will transmit are at 45'^ to the horizontal, 
say, north-east and south-east, and north-west and south-west, 
or the dexter and sinister diagonal, as it is termed. Now wlnni 
the light emei*ges from this crystal we shall have two sets of 
vibrations taking place in two rectangular directions, and 
those forming one of those rays will he retarded behind the 
other. The extent of the retardation is very small in abso- 
lute amount, but, nevertheless, oi^tically quite api^reciahla 
Supposing then, we cause these two sets of vibrations to full 
upon this second Nicol prism, or analyser; the effect of that 
is to resolve these two vibrations, or such parts of them as are 
caxDahle of being resolved, into a single j)lane. They may ho 
resolved into any direction at pleasure, by giving a suitable 
direction to the analyser. Supx^ose that they be resolved into 
a vertical plane, we shall have two sets of waves (x>ortions of 
the two oblique waves issuing from the plate) in a vertical 
plane, one of which is somewhat heliind the other. Now, as 
Professor Stokes described to you yesterday, white light is 
compounded of light of various kinds, i,e. of various wavo- 
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Iciigtlis, or of various refrangibilities. All tlie %yaves of wMcJi 
that white light is compounded are retarded through the same 
absolute distance, the same fraction of an inch, by its passage 
through the crystal plate, and therefore the waves of dijBTerent 
lengths will have been retarded through different fractions 
of the wave-length. In other words, the distance through 
which they are retarded being the same for all wave-lengths, 
will be a larger fraction of the short -waves than of the long 
waves. The amount of retardation depends, as before observed, 
on the thickness of the crystal ; and the thickness may be 
such as to produce a retardation which, for some particular 
wave, is exactly half a wave-length. If so, that particular set 
of waves will, as the machine showed us just now, be anni- 
hilated or extinguished. By this process, therefore, from the 
white light one particular colour will have been subtracted, 
and there will remain an assemblage of colours which 
being incapable of reproducing white light will combine to 
form a residual tint. It is of great importance to realise this 
13rocess. To recapitulate, if between the polariser and analyser 
there be introduced such a crystal, we shall not only have the 
effect I have described in the first instance, of extinguishing 
the light, but when the analyser is in the proj^er position, we 
have colour produced by the extinction of a certain portion 
or portions of white light. There are different kinds of 
crystal which for the same thicknesses produce different effects, 
hut for the same crystal it is easily seen that the amount of 
retardation will dexDend on the thickness of the plate, because 
the retarding action of the substance through which the 
divided rays pass, is in operation during the entire passage. 
If, therefore, a crystal of one thickness extinguishes one set 
of waves, a -thicker plate will extinguish a longer set, and 
generally different thicknesses of any given crystal will extin- 
guish different component portions of the white light, and 
the resulting colours will also be different. In fact, by care- 
fully selecting plates of suitable thicknesses we can pro- 
duce in the field of view any arrangement of colours at 
pleasure. 

The majority of crystals polarise light in the manner above 
described ; but there is another kind of crystal which pro- 
duces jpolarisation of a different kind. I said, in the outset, 
that the vibrations might be either straight lines, or circles, 
or ellipses ; but we have hitherto confined our attention to 
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rectilinear, or straight line vibrations. I now propose to say 
a few words upon circular and elliptic polarisation. Wo may 
suppose a ray of common light to be due to vibrations of the 
latter kinds j but in such a case the direction of motion as 
well as the position of the axes of the ellipses may be subject 
to abrupt changes at different parts of the ray ; but when the 
ray is polarised and the motion in one part of the ray is in 
the direction of the hands of a watch, say right-handed, it 
will continue so throughout the entire ray. The well-known 
ciystal quartz has the property, in a certain particular dhec- 
tion, of producing not only two rays as crystals generally do, 
but two rays in which the vibrations axe circular, one of them 
being right-handed and the other left-handed. 

We have now gone nearly as far as our time will permit, 
and I sincerely hope you will repeat some of these ex- 
periments for yourselves, and that with this view you may 
take the ojDpoxtunity of seeing them exhibited hert^. in the 
evening. But before concluding I would strongly advise any 
who feel at all interested in the subject to begin with asimph' 
bundle of glass ; the plates should be about the size of your 
thumb, as thin as you can get, and as numeroxis as you can 
work with conveniently. You may use from five to ten or 
twelve, if you can manage to get them thin and clear enough. 
Begin your experiments on polarisation by examining rellectinl 
light ; and if you are in a room or in a garden take the reliec- 
tions from the furniture, from the walls, from leaves of ti't.‘es, 
or anything of that kind, and you will be interested to find 
how difficult it is to find any which boar no traces of polari- 
sation. You may then vary your ex]perience by taking a 
piece of ordinary mica, such as is used for covering gas 
burners, split into various degrees of thinness, the tbinmu' 
the better, place it in the passage of the polarised light, and 
you will see most vivid gorgeous colours. If you wish to go 
a little further, you may have an instrument more or less like 
the one I have here. It consists of a ISTicol prism, a duublti 
image prism, a plate of quartz, and a ]3ieco of crystal calltnl 
tourmaline. The latter has the same efiect of producing a 
single beam of polarised light and is very convenient, but it 
has the extrenje inconvenience that it is almost impossible to 
get a jdate without colour. 

The leheiiomena which I have spoken of hitherto are de- 
X^endent xq^on the x'>x'OX3erties of rays of x>arallel light ; but 
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tliere are others which are due to convergent light. If light 
is made to converge on a glass or crystal and to emerge in a 
divergent form^ a variety of effects are produced, not a few 
of which may he seen by using this piece of tourmaline. 
You will easily understand if you get a piece of crystal close 
to your eye you are really examining it by means of a con- 
vergent and divergent pencil. But if it is placed at the 
distance of ordinary vision you are using practically parallel 
light. If it be brought so close to your eye that you use 
convergent light, you will be able to observe some of the 
phenomena for which much more elaborate instruments are 
usually employed. By properly arranging your experiments 
you may begin with the inexpensive glass plates described 
before. You may then advance to apparatus a little more 
elaborate, but even then you may procure a piece or two at 
a time as you find convenient ; and by degrees build up a 
polarising apparatus such as I have here. 

I have not time to speak of the applications of polarised 
light, but 1 have here an instrument which is of commercial 
value, called a saccharometer, the object of which is to 
ascertain the amount of saccharine solution present in a fluid. 
It is based on the principle I last described, namely, this 
rotary polarisation, as it is called. Besides quartz there are 
many solutions, particularly those of sugar, which have the 
power of turning the plane of polarisation of the rays of light, 
and producing the effects I have described. Bor a given 
thickness or length of column the amount of this turning 
depends on the strength of the solution. Therefore hy an 
accurate measurement of the amount of turning the strength 
of the solution may be tested. 

Besides the polarisation due to the reflexion of light from 
furniture, hooks, leaves and so forth, polarised light is to be 
found present in a clear sky, and its nature may be tested 
by any of the instruments described above. 

The full limits of this sky polarisation have not been com- 
pletely laid down. They were studied in the first instance 
hy Sir David Brewster, and several of his papers, although 
excellent, have hardly been thoroughly understood ; and 
indeed the subject is likely soon to undergo fresh ex- 
amination. nevertheless you will find it very interesting 
in walking about on a clear day to examine what parts of 
the sky show traces of polarisation, and how the plane of 
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2)olarisati(jii is coxmectcd mtli the position of the sun. Ilut 
the position of the sun, or, as I ought here to express it, the 
position of the x>lune of sky reminds me that it 

is time to draw this discourse to a close. I therciforc bid 
farewell, with a hearty wish that you may xHxrsue this 
subject further for yourselves, and with a iirm conviction 
that you will find any labour bestowed ux>on it abuiidantlj" 
rejpaid. 



THERMAL CONDUCTIVITY. 

BY PBO^BSSOR FORBES. 

This morning it is my duty to explain to you as far as 
possible the facts that have already been learnt as to the 
nature of the conduction of heat, and to illustrate the 
progress of our knowledge in this subject by the original 
apparatus which has been used by different experimenters. 
You ai"e all aware that the general equilibrium of the 
temperature is maintained in virtue of three different 
processes. Different bodies at different temperatures have 
a general tendency gradually to arrive at a certain uniform 
temperature, and this is arrived at by the process of conduc- 
tion, by that of convection, or by that of radiation. [Radia- 
tion consists in a transmission of the state which we 
call heat through space without affecting any material 
object intermediate between the warm and the cold object. 
That is, the sun heats the earth by radiation, and so a 
general equilibrium of temperature is gradually being 
established between the sun and the planet. Secondly, 
if we have a bar of any metal, and place one end of it to 
a fire, the other end will gr-adually become hot. This is 
quite a different means of equalising the temperature. In 
this case the particles of the body intermediate between 
the one end and the other have gradually got warmer and 
warmer, and thus the heat is gradually transmitted from 
point to point of the metal. This is the nature of true 
conduction. In the third place, if the hot and cold bodies 
be in a liquid whose parts are capable of moving about 
freely amongst themselves, then, by the increase of tem- 
perature which the liquid which surrounds the hot body 
acquires, that part of the liquid is rendered lighter, so 
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tliat it rises and gives place to a colder liquid, and conse- 
quently, in the ease of a liquid in an unecitially heated 
space, there is a continual circulation of currents going on, 
tending to equalise the temperature of the space inclosing 
the liquid. The same is true with gases. 

Now, the question of conduction is a very important one, 
both theoretically and practically. The most simple experi- 
ments show us that different bodies vary enormously in 
their conducting powers. For example, a spoon placed in 
a cup of tea will soon become hot throughout, although 
there is only a small part in the hot tea. If you weio to 
put a stick of glass instead of a metallic spoon into the tea, 
the other end of the glass would never increase perceptibly 
in temperatux'e, thus showing that the conductivity of glass 
is much less than that of the metal. Experience shows 
invariably that metals are all better conductors than 
organic or other substances, and the question now arises 
how we can determine a method by which the conductivity 
of substances can actually be measured. We must doline 
conductivity, not only in such a way that we can aciiuilly 
give a number to I'epresent the conductivity of each dilYtu'- 
ent substance, but after we have acquired this knowledge 
of what is the exact conductivity of different substanca's, 
we can then apply our knowledge to different purposes, 
theoretically and practically. For example, there is an 
enormous loss of heat from the boiler of a steam-engine, a 
loss of heat which is produced })y radiation into space. 
But if, as is very common now, the boiler is surrounded b}" 
a cement which is a bad conductor of heat, then there, will 
not be such a great loss of heat, so great a quantity of lieat 
will not be allowed to pass through this non-conductor, 
and consequently more is retained for the economical 
purposes of working the steam-engine. Various other 
applications will occur to you, but in the meantime we 
must go on to the definition which has been given of 
conductivity. 

The first man who took up the subject of conductivity in 
a scientific and mathematical manner was the Freiieh 
physicist, Fourier. He wrote in 1812 a most vahudde 
work entitled The Analytical Theory of Heat^ but, owing 
apparently to the jealousy of other members of the Insti- 
tute of France, this work was not published until twelve 
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years afterwards, and it was only by consulting tbe original 
MS. in the possession of the Institute that Poisson and 
others were able to study the results which had been arrived 
at by Fourier. Fourier defines conductivity in a manner 
which is easiest explained by means of a simple illustration. 
Suppose that I have a solid wall separating two chambers 
which are of different temperatures. Suppose that on one 
side of this wall the temperature is 2° higher than it is on 
the other, then we know that heat will pass from the hot 
side to the cold side. The question is, how much heat will 
pass Fourier says, let us continually keep the two sides 
at a constant temperature, so that when heat passes out 
from the outside an additional amount of heat is always 
being added to keep the temperature constant, while at 
the cold side let heat be continually drawn away, let cold 
matter be continually added, so as to keep the temperature 
there constant also. Then, if we can measure the amount 
of heat which passes through this wall, we are able to 
measure exactly its conductivity. You see that, the longer 
the time that elapses the greater is the amount of heat 
which will pass through. Therefore, if we call the quantity 
of heat which passes through, or the flux of heat, by the 
letter F, the flux of heat is proportional in the first 
place to time, and we will call the time T. Then, 
again, suppose we take another wall of exactly the same 
substance, the temperature of the two sides of which are 
also separated by two degrees, the highest temperature 
in this case being the same as the lowest in the case we 
considered before. The circumstances are almost identical, 
the difference of temperature is the same, and the thickness 
of the wall is the same, consequently the same quantity 
of heat will pass through this wall in the course of a given 
inteiwal of time. !Now let us place these two walls against 
each other, the one overlapping the other, and let us have 
the temperature of the two vessels now differing by 4°, 
then half way through these two walls we shall have the 
mean temperature, and consequently each of these walls 
will be in identically the same condition as it was when 
there was only a single wall employed ; the difference in 
temperature of the two faces of each wall will be exactly 
the same as it was before, and the same quantity of heat will 
pass through. Consequently, if we double the difference 
von. II. 
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of temperatui'e between the two vessels and double the 
thickness at the same time, the same quantity of heat 
passes through, and that is the point which we wish to 
arrive at. We see, then, the thicker the wall is the 
greater is the resistance to the flux of heat, and the gieator 
the difference of temperature between the Wo faces of the 
wall the greater amount of heat is allowed to pa,ss, and 
consequently the flux of heat is also proportional to the 
difference in temperatui'e, which I may call 6?^ — The 
difference in temperature between the flrst and second wall 
is thus universally proportional to the thickness of the 
wall, and therefore, if the thickness of the wall be called 1), 
in the result the quantity of heat which passes through tlio 
wall will depend on the area of the wall, conse<|nentIy, if 
we call A the area of the wall, you see that tlu^ flux of 
heat will be j)i*opOTtionai to A. Hence, altogether, the 
flux of heat through the wall varies directly with tlie time, 
directly with the difference in teinpei'atuie between the two 
faces, directly as the area of the surface through wliich the 
heat is passing, and inversely as the thickness of the wall. 
Since F varies propoi-tionally to this, we are justifled in 
saying that the flux of heat is equal to this quantity multi- 
plied by a constant, which I call Iv. If, then, in any 
experiment we are able to measure the flux of heat, if wo 
can measure the difference of temperature in the two faeOvS 
and the area through which that heat is allowed to pass, the 
thickness of the wall and the time during which that heat 
is passing through, then we know all these constant quan- 
tities except one, and we may state the result thus : — 





All we have to do, then, is to determine 


X in this formula, which is called the conductivity of the 
substance. The greater K is, the greater is the flux of 
beat. X is the quantity which must bo determined experi- 
mentally in order that we may apply our knowkMlge of the 
conductivity of diffex’ent substances to practical oi* iheoreti- 
cal purposes. We find in the end that the conductivity is 

F. d 

equal to the flux X=r— tttA. That is the value of 

U X O.y) 

the conductivity in any experiment that we make. 

Xow, to define the conductivity more simply, let ns take 
particular values of some of these quantities. Let us make 
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the thickness of the -wall a unit of lengthy and it is cus- 
tonid,ry nowadays to employ generally the centimeter, the 
gramme, and the second as our units of length, mass, and 
time. Consequently, let us make our wall one centimeter 
thick, and then in place of d we should have to write 
one.’' Let us take the difference of temperature as equal 
to 1°, and then instead of Q^ — O^ we have to write 1®. Let 
us take the area of our wall through which the ffux of heat 
is measured as equal to one centimeter squared. The unit 
of area A, then, we replace again by one. If we measure 
the quantity of heat which passes through in a minute, 
then will pass through in a second, and let us take one 
second as the unit of time instead of T. Then what we 
measure is the flux of heat through a piece of the substance 
one centimeter thick over an area one centimeter square, 
with a difference of temperature of and during one second 
of time, that is, the conductivity is the quantity of heat 
which flows across from unit of surface of a body whose 
thickness is one unit of length and the difference of tem- 
peratuie of whose sides is a unit of temperature during 
unit of time. That is Fourier s definition of conductivity. 

IN'ow, there ai^e very great practical differences in deter- 
mining the value of this quantity !K, but there is one 
condition which was pointed out by Fouiier, and which has 
been almost invariably used for the measurement of the 
conductivity of dilierent bodies. This is what Fourier 
called the permanent stale. If I take a rod of metal, such 
as this, and heat it by any means at one end and let the 
other end gradually cool by radiation to the air and by 
convection, then this end will always be the hottest, but a 
certain amount of increase of temperature will be propagated 
along the bar, and finally, after some hours it may be, the 
rod will acquire a permanent condition of temperature, 
provided the temperature of the heated end remains constant 
and the temperature of the air remains constant. Then 
we shall have a perfectly gradual decrease in the tempera- 
ture from the hot end to the temperature of the air at the 
other end, and a steady flow of heat is passing through the 
bar in order to maintain this constant condition of tempera- 
ture. Under these circumstances, when a body is in such 
a permanent condition, it is possible to measure the flux of 
heat. Fourier gives a number of formulae which were 

c 2 



20 LECTURES TO SCIENCE TEACIIEIiS. 

applicable to difierent conditions, siieli as bai'S, 

rings of metal, splieres which had been luiiforinly heated 
and were then left to cool, and various other particular 
cases which he examined theoretically. Some of tiiese 
have been tested by experiment, and some of the most 
celebrated experiments of this kind are those of the Frencli 
physicist, Despretz. Despretz employed tlie metal ])ars 
which you see here ; there is one of iron and two of copper. 
Holes were bored in them to be tilled with inercniy, and 
thermometers were allowed to rest in each of these holes — 
a number of finely graduated and tested thermometers 
which are used for such experiments ; then one end of the 
bar is heated in a crucible, and the other end is left to cool 
in the air. The tempex'ature of the dilferent parts of the 
bar is read off when it has arrived at the permanent 
condition of temperature. Applying tlxese observations 
to Fourier’s theory, Despretz arrived at certain values of 
this constant K, which was supposed to ])o the conductivity 
of the different metals he was observing. Those were very 
carefully made experiments, and acquired a great i'e]>utation, 
and are still quoted as amongst the most important deter- 
minations that we have. 

But in the first place, I must point out to you that 
Fourier made two assumptions in getting at his fortiiubi, 
which were, of coui'se, also made by l}os]uvlz in hi:: 
calculations. One of these was, that when a hot body is 
cooling in the air by radiation and convection tlio Jiniouni 
of heat which escapes in a unit of time is proportional to 
the difference in temperature between the 'cooling body and 
the atmosphere around it. This is what is called Ne\\\on\s 
law of cooling, but from the experiments of Messrs. Dulong 
and Petit we know perfectly well that it is not quite corroot ; 
but they had not discovered their law before Fourier 
published his theory, and fortunately so perluips, because 
otherwise it is doubtful whether Foxuier would have 
ventured to have undertaken such a frightful calcndat.ion 
as the theory would have required, without his own hook to 
start with, the book founded on this simple law. He also 
assumed that this law maintains in the interior of these 
bars, that the flux of heat is directly proportional io the 
difference in temperatuz’e at unit distances along the bar. 
This is vfhat we assume in stating this formula of Fourier^ 
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that the flux of heat is directly proportional to 0^ — 0 . 2 - 
This law is not exactly correct, bnt tolerably near so, and 
it will be sufficiently accurate if we still define conductivity 
in the way I have done, and for that the conductivity is 
not a constant quantity, but varies slightly with the tem- 
perature. ]Sr evertheiess, these assumptions were sufficiently 
near the truth to give very accurate results with proper 
apparatus. Some experiments of the same kind had been 
made previously by M. Biot. He had employed bars of 
different metals about eight feet long, and the results 
which he got were perfectly different from the results 
which Despretz got, and in a most valuable examination of 
our knowledge about conductivity, which was made by 
Professor Kelland in 1840 in a report to the British Asso- 
ciation, he was led to investigate the different causes which 
might contribute to this difference between Despretz and 
Biot, and he arrived at the conclusion that the only cause 
could be that M. Despretz’s bars were too short, and that 
their extremities were not at the temperature of the 
air, that is, that the bars were not sufficiently long to 
answer 'the conditions of Pourier’s problem. He said 
Despretz does not mention what the length of these bars is 
that he used, and I myself have not the means of examining 
them. This has been the condition in which Englishmen, 
remaining at home, have been ever since this report of 
Professor Kelland in 1840 until the present summer, and 
this is the first opportunity we have had here of deter- 
mining whether Kelland’s suggestion was true ; but I have 
not the slightest hesitation in saying on seeing these bars 
of M. Despretz, that they were very much too short to 
have given that pei-manent state of temperature such as 
was required by Fourier’s theory. Consequently, this 
extremely acute suggestion as to the difference in the 
results of M. Biot and Despretz is, I think, wholly con- 
firmed by the exliibition of this apparatus which we have 
here. 

Fourier applied his theory to a variety of special cases. 
He pointed out also that since the temperature of the 
earth increases as we descend to greater depths under the 
sui'face, it follows that heat must be continually being lost 
from the body of the earth, because this difference of iem- 
peratm-e could not he maintained unless there was a flux of 
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lieat from tlie hotter to the colder part, and consequently, 
we may rest assured that there is continual iliix of heat 
from the interior to the extezior of the eai'th itself by 
radiation into space — that the earth in fact is gcttiiii** 
gradually cold. Geologists and natural philosophers have 
at times come insfco collision on this matter, and various 
opinions have been held about it. Sii* Chaides Lyeil suj:)- 
posed that by the aid of chemical and electineal action in 
the interior of the earth a continual supply of heat couhl 
always be maintained, and that this could go on for evei*, 
so that there would always he a gi'adual flux of heat from 
the interior to the exteidoi-, which was alwa 3 \s to be com- 
pensated by this chemical and electzical action going on 
in the interior. This, I need hardly say, is completely 
opposed to all ozir knowledge of the theoiy of heat and to 
Sir William Thomson’s gz-and theozy of the dissipathm of 
enei'gy. It might he possible to account for the diiTcrem^e 
of temperatui’e as we descend on a chemical }iy]K)thesis, 
provided it was only a local fact, but it is a fact which is, 
to the best of my belief, pei'fectly imivei'sal all over the 
world, that the deeper ^^ou descend the gi'eater is the in- 
crease in tempei'ature, and conseqxzentl^^ we must assume 
that thei'e is this z’ogular flux of lieat fi'om the eartli, and 
that the eai'th is gz'adually cooling. Following out the 
analysis of Fourier, Sir William Tlzomson was hub about 
twelve yeai's ago, to calculate the condition of tlio eazth, as 
to tempez-ature, backwaz'd, for a vast number of veai\s. If 
we know what is the conductivity of the I'ocks, that is, K, 
and if we know the difference in tempez'ature at an interval, 
say D, of 100 feet, then we can find out the flux of heat 
thi'ongh a given area of the eai'th’s sui'faee in a given time, 
simply by this formula, and consequently we can measure 
the quantity of heat which is being lost hj the earth e\’eiy 
yeaz', and can sum this up by a mathematical process and 
find the quantity of heat lost in past ages, and so we can 
find the tempei'ature which the eai*th has had at different 
epochs in its history. Following out this idea, Sir William 
Thomson was led to conclude that, if we assume 7,00(1* F. 
to be the temperature of molten I'ocks, then 98 million j^eaz's 
ago the earth was in the condition of a molten mass of rock 
with a cz'ust just beginning to fox’m izpon the outside. This 
is a vciy important conclusion, geologically as well as 
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physically, because geologists, perhaps accepting too com- 
pletely the theory o£ uniforin action thronghout the world's 
history, were led to conclude that the earth must have 
existed millions of millions of years in order to produce the 
effects that we find on it. But Sir William Thomson has 
shown that really this is not the right way of proceeding, 
but that we must conclude that in past ages there were 
much more violent differences in temperature, more violent 
storms, that the actions of nature upon the earth's surface 
must have been more violent owing to a much greater tem- 
perature j and this explains how geologists have assumed too 
long a period for the existence of the earth. There is very 
little reason to doubt that the statement of Sir William 
Thomson is perfectly correct, that the earth cannot be 
older than 100 million years, if we assume its birth to be 
at the time when the crust was beginning to form on its 
surface. 

There was another very important problem which was 
attacked by Fourier in his splendid work, which is the 
case when heat is applied to a body in varying quantities 
at different times. For example, the earth is receiving 
heat constantly from the sun, but the quantity of heat 
which it receives varies in different parts of the surface at 
different times of the year and different times of the day. 
Consequently, at any part of the earth’s surface we find 
heat being propagated downwards by the sun’s action, the 
surface is heated, and this constant high temperature is 
gradually propagated downwards. About noon is the daily 
maximum heat that it sends down into the earth, but 
owing to the bad conductivity of the earth’s substance, 
only £ox“ a very short time is it perceptible. But the 
difference between summer and winter is very perceptible 
to a very great depth, and we find as we descend lower and 
lower that the maximum of heat in the earth’s surface 
becomes retarded. Thus it takes about one year for the 
maximum of temperature, that is, the summer temperatnre, 
to descend to a depth of 50 feet. At present, at the depth 
of 25 feet below the surface, it is winter, and at a depth 
of 50 feet it is only last summer. The retardation of 
the maximum tempei'ature at different depths is directly 
proportional to the time, but it also depends on the conduc- 
tivity of the rocks through which the heat is passing ; 
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consequently, if we measure tlie time whicli the inaxi'inuni 
takes to travel down to a given depth in the earih\s sni-face, 
we shall be able to measure the conductivity of the rocks. 

Again, as we descend to greater depths the variation in 
temperature at any particular depth becomes less and less. 
Thus, at a depth of two yards, the daily variations of 
temperature are quite imperceptible to any instrinnent 
that we may employ. But the annual variations in tem- 
perature can be recorded to very much gretiter depths, in 
fact to about nineteen times that amount, or to abmit 08 
yards. iSTow, this is a very important jioint to observe, 
that the depth to which the annual variation of teinpoi-a- 
ture goes is nineteen times as great as the depth to whicii 
the daily variation goes. This is completely in accordance 
with the theory of Fourier. He shows that tlie depth to 
which a periodical ductuation of temperature will descend 
is proportional to the squai'e root of the pcaiod of that 
variation. Now, the periods of variati<m in this case arc 
one day and one year, and, therefore, the square r<x>ts of 
the period are in the proportion of the squan‘. r(K)t of i 
to the square root of 365, therefore, wo ought to ihul that 
1 : 19 :: ; -v/365. If you multiply 19 by itself you get 

361, which is almost exactly the ratio of a year to a day. 
Some experiments wei'e instituted at 'Edinburgh, by the 
late Principal Forbes, with different thermonuders, whicdi 
were sunk to various depths in the soil in difftu'<mt 
districts about Edinburgh. One series wex'o sunk in the 
rocks forming the Oalton Hill, on which the < )bsorvatory 
stands. Another set were sunk in the F.xperimental 
Gardens to conceal the sand, and a third set were esta- 
blished in a sandstone bed. These therinomcderB were 
placed at different depths, going down to :24 feet, and it 
was found that the retardation of the maximum and 
minimum followed exactly the laws of Fourier, and also 
that the variations in amplitudes of difforenco in iiunpera- 
ture followed Fourier^ s law as we descended to greater 
depths. Other observations of the same kind have since 
been taken up in different regions, and a very valuable 
set has been put at Greenwich with exactly analogous in- 
struments. These results were reduced by Principal 
Forbes, and afterwai'ds a much larger series of them wi»re 
reduced with every degree of accuracy possible by Bir 
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William Thomson, with the object of arriving at a true 
value of the conductivity of these different substances. 
The result was that the conductivity is obtained for these 
different kinds of rock with, perhaps, greater accuracy 
than the conductivity of any other substance which is 
here, and the results are as follows ; — Of trap rock the 
conductivity is *00415, that is to say, if we had a depth of 
trap rock one centimeter thick and kept the opposite faces 
of it at a difference of temperature of 1°, then the ffux of 
heat through eveiy square centimeter in that block of rock 
would be in a second of time sufficient to raise the tern- 
peratxxre of a gi*amme of water through •00415° C. Tor 
sand, the number is *00262; and for sandstone, *01068. 

In the matter of metals the most important observations 
which have been made are those made on this bar, which 
were made at Edinburgh by the late Principal Forbes. 
This bar, which is made of as pure iron as it is possible to 
get, was mounted on two pivots so as to be free to radiate 
in all directions. A crucible is attached to one end, into 
which solder was put and kept continually melted, and it 
was found by continually adding some of the solid metal, 
keeping some unmelted always in the crucible, the tempera- 
ture could be maintained with great accuracy for a good 
many hours. Then thermometers were placed in holes in 
the upper surface, and the temperature recorded. The 
method of reduction was one completely unfailing, and did 
not involve any theory whatever, and thus these x-esults 
became a test of the accuracy of the assumptions that 
Fourier made in his theory. I will try and explain briefly 
the general method employed in reducing the observations. 
There was another bar of exactly the same material as this, 
a short bar, which was heated up to an intensely high 
temperature and then allowed gradually to cool. A ther- 
mometer was placed in this bar exactly as in the long bar, 
and the temperature as it cooled was continually observed, 
and then if results were jotted down upon a curve or in a 
table we should be able to tell what was the loss of heat 
by radiation and convection in a minute of time at any 
given temperature from direct measurement. Then sup- 
pose we take a base line and mark it in divisions to 
represent differences of temperature as we pass along, say, 
10, 20, and 30 degrees above the temperature of the air ; 
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at tliewe points let us raise lines indicating tlie amount of 
iieat wMcli escaped in a minute. Suppose it started at 
60^ above tbe temperature of the air, it would be observed 
that there was a loss in one minute of a certain amount of 
heat represented b}^ a line of a certain height, but when it 
got to 40^5 the loss of heat in one mimito was less, and 
only extended up to the height of the next line, and so wc 
go on until the loss of heat is nothing. Then, connecting 
these points we get a cuxwe representing the loss of heat at 
every temperature of the bar, and that is what we I’equircd 
to reduce the observations. You will notice at evexy point 
of this bar a certain amount of heat is being lost and 
passing thi-ough by conduction to the cooler parts. What 
we want to measure is the quantity of heixt which is 
passing thi*ough the bar at any point. Now you will 
notice that by the time the heat has passed through the 
bar it is all dissipated befoi'e it can I'each tbe end, because 
the temperatm^e is the same as that of the air, a.nd conse- 
quently all the heat which passes through any setdion is 
dissipated before it reaches the end. Consequently, if we 
wish to know the quantity of heat which is passing thi*ough 
the bar at this tempex'atnre all w’c have to do is to lueasui'e 
the quantity of heat which is lost with these dilTex'ent 
teinperatimes in the course of a minute. Suppose at one 
point the dilfei'ence of temperatui'e between tlie bar and 
the air is 50°, we know 'what heat is lost fi'oin tluu'e, and 
by adding the quantity of heat lost at every i^oint wc* 
know that is the quantity passing through the stadion 
from which we staided. This method, which was employed, 
involved most laborious calculations, and it was oxdy after 
many yeax's that these were completed and led to extnuuely 
satisfactoiy results, showing that the conductivity of iron 
is not constant, but that it diminishes with the tcmipera- 
ture, as the temperature rises the conductivity dxiuinishes. 
This was a very remax-kable result, not only becaxxse it 
was different from what had hitherto been belie* veal, and 
fi'om what Foui'ier had assumed, but also because of its 
remarkable analogy with electidcity. The same expend- 
mentei', a gxnat many years befo3‘e, had x)oixited oxd the 
most remarkable fact that the different metals lie in the 
same order according to their conductivity for heat as thc^y 
do with respect to their conductivity for electricity. Those 
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that are the best conductors of heat are the best conductors 
of electricity. This, so far as we can be certain, is true 
without exception. He was now able to show this still 
more remarkable fact, that the analogy between heat and 
electricity holds good in this matter also, the greater the 
temperature the less is the conductivity of metals for* heat, 
and also, as Mr. Mathieson has shown, the less is the 
conductivity of these metals for electricity, and the varia- 
tion is very much in the same proportion. This simply 
stands as a remarkable fact which has not been explained. 
Professor Tait has been led from theoretical considerations 
to conclude that the resistance which is opposed to the 
passage of heat or electricity is directly proportional to the 
absolute temperature of the substance. 

Here I will draw your attention to a similar bar of 
German silver which has since been employed by Professor 
Tait, also at Edinbai'gh, and he has made a vast series of 
observations of the same kind as those made on iron, and 
it is only the di£S.culty and labour of reduction that has 
prevented us, as yet, from having results. These results 
are looked forward to with great interest, because German 
silver is a substance whose conductivity for electricity 
varies very little, and if it were shown to vary very 
little for heat, that would be another very great step 
in our knowledge. 

I should have liked to have mentioned some of the 
methods which have been employed for determining the 
conductivity of bad conductors besides those made on the 
conductivity of the soil ; but I shall have very little time 
for that, and will only devote a short time to explaining the 
method that I employed some years ago for determining, 
as a very important quantity, the thermo-conductivity of 
ice. The idea of the method was originally suggested by 
Sir William Thomson, namely, to artificially freeze water 
and see the rate at which the ice is formed. That will 
give you a means of measuring the quantity of heat which 
is passed through fi'om the water to the freezing mixture, 
and you will have, therefore, a measure of it in the quantity 
of ice which is formed. There was a large tin vessel made 
to contain a quantity of snow in order to keep the instru- 
ment at an uniform, temperature. In the interior on a 
tripod stand is a cylinder, also tin, about halfway up. It 
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'was filled to a certain line with water, and ahoTc tliat was 
placed another cylinder containing a freezing inixturo. 
Through the centre of this a hole ^yas pierced wjiicdi 
allowed a rod to descend with a cylinder on its and 

by means of raising the rod we could bring the eyliuder in 
contact with the ice which was formed below, aiul by 
reading the position of the rod on ilie scale cjould actiutlly 
measure at different intervals the amoxnit of it*e whi(*]i liad 
been formed. The experiment proved rather laborious, and 
sometimes extended over a period of twamty-foiir luuirs, 
almost unceasing attention being reqxiired tlie whole time ; 
but the results were extremely accordant, and it was found 
that the formation of the ice was exactly in aA*c(>r<l:uice witii 
theory, and, what was very fortunate, by employing fresh 
snow it was found possible to keep the tein]H‘ral.ure }>er- 
fectly constant; simply changing the snow every hour or 
two, the temperature was found not to alter at all. You 
may notice the material point of this is the way in wliicli 
the temperature is ke])t always couslant at tla^ lower 
surface. There it is always 0'' 0 ., becaiLse it is always at 
the houndtuy betw^een the ice tind the water. I'he result 
of this experiment was to show that the conductivity of 
ice in the same xmits which we have empbnotl })eror(% is 
*00223. M. Lucien de la Hive, by an e.Ktrcmely ingtuiious 
method, but which wa.s not quite so correct, a,rriv(Hl at the 
I'esult of the conductivity of ice as ’002.‘>ih and I think the 
remarkably close accord between these two n'sults aiul the 
complete accordance between a large number of CLKpcrimcnis 
made with this apparatus may make us feel <*erla'u that 
the conductivity of ice is one of tlie best deteriuiiUMl (|uan- 
titles we know. Consequently, we Imvo as staxnhinls of 
the conductivity of heat the kinds of soil f have spoken 
of, also the conductivity of iron btirs and the i vity 

of ice, and those are the substances about which we kmnv 
most. 

A large number of ex};)eriments liavo been made by 
different philosophers to determine the conductivity of 
a number of bad conductors, but it must be confessed that 
none of their methods have been entirely uiujlqectiouablc, 
and in few can very great confidence be placed. Experi- 
ments have been tried following out tins idea (^f frecwJng 
•water through some bad conducting substance, and nioasur- 
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ing tlie (jiiantity of ice wMcli is frozen in a given time, say 
an honi’, and then the quantity frozen is a measure of the 
quantity of heat passed through. But these experiments 
can hardly be considered as extremely accurate any more 
than can those made by several other philosophers. There 
is a great difficulty in keeping the temperature of the two 
surfaces of the substance absolutely constant and exactly 
the same as what you are measuring. For example, if I 
separate two vessels of water by a wall of metal and lot 
one vessel be at a temperature of, say 80^ O. and the other at 
a temperatuin of 10'=' C., it would be impossible to maintain 
that relation between the water close in contact with the 
sides of the tin vessels. The metal is such a good con- 
ductor that it would be an uniform temperature throughout, 
and thei'e would be a thin layer of water on each side of it, 
and these layers would be of exactly the same temperature. 
What we require is to have the temperature of the water 
in contact with the substance differing by measured 
quantity from the water in contact with the other surface 
of the substance. This has been the great difficulty, and 
consequently our knowledge of the conductivity of bad 
conductors has not been very, certain hitherto. A large 
number of results have been collected, and they have 
considerable value, as you can judge for yourselves. The 
agreement between different experimenters, if you consult 
this excellent book of Professor Everett’s — an illustration of 
the centimeter, gramme, second system of unit — you will 
find a large number of results on conductivity classed 
together, and if you care to examine it you will see some 
results I have mentioned to,-day spoken of. 

Some experiments made quite lately under the auspices 
of the British Association by Professor Herschel, not only 
on heat, but also on measuring the conductivity in the 
laboratory, it is expected will give better results than w© 
have had hitherto. You see, then, that a great deal of 
labour has been spent both on theory and in the experi- 
mental determination of conductivity, but a great deal 
has still to be done, and it is very desirable that some 
simple and easy method should be found for measui'ing the 
conductivity of different substances. It is of immense 
practical importance, now-a days, when non-conducting 
cements for roofing materials are being constructed, and it 
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is indeed necessary to have some means of moasiiriii^' the 
conductivity of such substances. 

I will conclude by alluding to two extremely ingenious 
pieces of apparatus which are exhibited here, which 
illustrate a very important point. This is one foundetl on 
a principle originally employed by M. Senariuont for 
measuring the conductivity in crystals. Ho found that 
the conductivity of crystals varied in different directions. 
I will explain the application of this insti-uineni, which is 
on the same principle. There is a disc of glass up<^n which 
the substance to be examined is laid, a]>ove it there is a 
fiat vessel through which water can be made to How in 
order to keei:) it at a constant temperature. Tiiere is a, 
platinum wire connected with the ter mint tls of a, hattery 
passing down and ending in a small bead of platinum. 
The bead of platinum at the centre can bo lowered ilown on 
to the surface of the piece of rock. The 3*ock is covered 
with wax, and when the platinum is in contact with the 
rock, and the wires are connected with the eleciiic ])a,ttt!jry, 
this has the effect of heating the platinum to an iiilcuiso 
heat, and consequently melting the wax on the snrfatas of 
the rock. Now the distance to which it will melt tliis 
wax depends solely on the conductivity of the rotdc— -liie 
greater the conductivity the greater' the disiaiu‘e. to whi<*li 
the wax will be melted. But you will notitie in ail these 
specimens that instead of hamng a circle of me I tod wax 
round the plate which had been heated there is an ell ipse 
— an oval curve — showing distinctly that the <*ondtictivii.y 
is greater in one dii'ection than another. Idiis instrument 
is exactly on the same principle as Benarmont's, and the 
results are exactly of the same natiue as those arrived at 
by him in the case of cx'ystals. 

The conductivity of liquids has been very little inves- 
tigated. There is great difficulty in it, owing to the 
convection currents, and also owing to the amount of 
radiation which ]Dasses through transparent suhstaiu^es. 
Here is a perfectly new instrument invent etl by J)r. 
Guthrie, which promises to give a very good idea of the 
relative conductivity of different liquhls. The primaplo of 
it is extremely ingenious. There are two cones which are 
separated by a very small distance. The upper one is con- 
nected with these two tubes, through which steam can be 
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made to pass to keep it at an uniform temperature. Tke 
lower one is allowed to radiate oflE keat to the air. It gets 
heat by its proximity to the cone above, A certain amount 
of liquid is sucked up from a vessel below into a tube which 
is in connection with the lower cone, and this lower cone 
thus acts the part of the bulb of an aii* thermometer, and 
if it be heated very much the liquid in the tube will be 
forced down. If it be heated only a little it will be forced 
down very slightly, so that you have a measure of the 
temperature of this lower cone. The interval between 
these two cones is filled with a liquid to be examined ; 
then the temperature of the upper cone being always 
100^=* C. the conductivity of the difierent liquids is 
measured by the depth to which the liquid is driven 
down, that is to say, by the temperature acquired by the 
lower cone. The greater the flux of heat through this 
liquid the greater will be the temperature of the lower 
cone, and the temperature is measured by the height of 
the liquid in the tube. Thei'e is a scale at the top for 
measuring the distance between the two cones. If that 
distance is kept constant as we employ different liquids we 
shall be able to arrange the liquids which we examine in the 
order of their conductivity, those which are the best con- 
ductors being placed above, and those which are the worst 
being placed below. From these experiments it appears 
that water is one of the best conductors among liquids. 
Convection plays a very slight part there, or none at all, 
because the upper surface is the one which is heated. 
Despx-etz made some experiments with a large cylinder of 
water which he heated from the surface, and arrived at a 
rough approximation to the conductivity of water, but one 
which it is very desirable should be repeated. In fact, 
experiments have been made since tben, but they have not 
been published, though it is very desirable that we should 
have a knowledge of the absolute conductivity of water. 
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BY PROFKSSOR Fi>IiHES. 

It is a remarkaLle fact that many trnihs in physics after 
they are well known appear to ns to ]>e almost axiomatic, 
although it re(pih‘ccl ages before tliey wei'O thomughly 
appreciated as scientilie facts. For oxa.mpIo, mdhing wonld 
seem simpler and more evidently true to those wlio have 
acquired a fundamental knowledge of science tluxn the 
principle that the phinets in i-evolving round tiic suti 
requii'e some force to attract them towards the suii in 
order to make them complete their path, whereas for ages 
people could not get it out of their minds that it wUfS 
necessary to have a force behind the planet driving it 
round with a soi-t of vortical movement. 'la.kc again, 
the celebrated facts enunciated by Galileo, such as this, 
that a heavy body takes as long as a light bcxly tio fall to* 
the ground from a given height. This also secerns to us 
with a slight knowledge of physics to be perfectly certain 
and to require no proof. 

So it is with the dynamical theory of heat. For many 
centuries past there have been men who looked upon heat 
as necessarily caused by the motions of molecules or 
particles of the body which is hot. But men's minds 
being firmly occupied with the theory that heat was a sub- 
stance, it became a matter of difiiculty to eradicate this 
notion, althongh now it appears to us to be perfectly 
axiomatic that no effects such as those produced by heat 
could be produced simply by matter which is not in 
motion. 

The proofs on which the dynamic theory of heat rests 
are of various kinds, and I shall commence by simply point- 
ing out some of those which are less directly included 
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in the reasoning whicli has led finally to the adoption of 
this theory. I mentioned some few weeks ago, in a 
Liecture on the Hadiation of Heat, what a striking proof 
the theory of radiation and of the transmission of heat by 
undulations through ether gives of the idea that heat in a 
body consists in the motion of its molecules ; because in 
order that these vibrations which are transmitted through 
the ethex' should be originated, it is necessary that some- 
thing, such as the molecules of the body, should he in 
agitation to communicate these vibrations. The most strik- 
ing evidence of the truth of this theory is that in connection 
with gases which was first disclosed by the discoveries of 
Dr. Gi'aham when he enunciated the laws of the diffusion 
of gases. Graham fotmd that all gases have a tendency to 
pei'meate each other, that is that one gas tides to pass 
thi'ough and permeate the substance of anothei*, and even 
where the two gases ai-e separated by some partition, say 
of plaster of Paris, the gases on the two sides of the 
plaster of Paids have a tendency to pass through. Moreover, 
Graham found that the velocity with which these gases pass 
through the plaster of Paris is different, and depends on 
their density; the less dense gas passing through the most 
quickly. 

Suppose I take a jar and fill it with a light gas such as 
coal-gas ; then if I place the jar full of gas over the 
plaster of Paris partition we shall have common air below 
the partition and coal-gas above. The consequence of this 
will he that the coal-gas will tend to pass most qxxickly 
through and the aii' will pass slowly out through the 
plaster of Paris, and so you will notice a depression on the 
level of the liquid in the tube. To perform this experiment 
I will simply fill this jar with coal-gas and then place it 
over the plaster of Paxds pai'tition, and you will see hy the 
descent of the liquid the rapidity with which the coal-gas 
peneti'ates into the cell. The tube with its funnel-shaped 
end is now nearly full of gas, and on removing the jar the 
air will penetrate into the tube and the gas will pass out 
again. The gas will pass out quicker than the air passes 
in, and consequently the pressure will be diminished, and 
you will see the liquid in the tube rising. The fii'st great 
steps towards the proof of the theoiy of heat lay in the 
experimental determination of the fact, that wherever 

von. II. B 
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meclianical energy or any othex’ physical force is trans- 
formed into heat, thei*e is a delinite proportion between 
the mechanical force and the heat whicli is produced. 
These experiments were conducted in the first ])Iaco to a 
great extent by Dr. Joule of Manchester. There are a 
vast number of ways in which we can transform luetdianical 
energy, or chemical affinity, or electrical action into heat, 
and Dr. Joule attempted to prove this in a vaiiciy of 
different ways. The first apparatus which he employed in 
the year 1840 is on the table. There is a powerful electrc)- 
magnet which can he rendered highly magnetic by a* cuirreut 
of electricity. Between its two poles he caused this 
of wire to rotate with great rapidity, and when the coil of 
wire rotates between the poles of a magnet a current of 
electricity is generated through the wire, and this generation 
of the current of electricity causes heat in the wij’o, and 
the heat produced in the wdre is the exact result me<duiuicaU,v 
of the work in turning it. But the presence of the magiied’ic 
poles causes a resistance to the motion of this coil, and if 
we can measure the amount of heat developed in this wii o 
we shall know the amount of resistance whicli has been 
opposed to the motion of the wix'e. Joule filled this tube 
with water, and after it had been rotated for some time, 
and the resistance it overcame had been measured, ho 
measured the increase of temperature, and so arrivecl at a 
rough approximation of the mechanical equivalent of heat. 

He afterwards extended the experiment in a variety of 
ways, and perfected the methods more completely until he 
was able to get exactly the same I'esult every time, when 
he varied the conditions of the experiment. The most 
perfect apparatus he was able to construct is exhibited 
here. This is the celebx'ated watei'-agitator which was 
employed by Joule, the fiii'st results of which were published 
in 1843. There are a certain number of fans wliich arc 
capable of rotation. These fans or paddles rotate in such 
a way that they cause the water to be extremely agitated, 
owing to the fans having to pass thi'ough these openings 
in the fi.xed I'adial planes. This appai'atus was |)laced in a 
copper vessel which was filled with watei\ Then on the 
spindle which you see here two threads wore twisted in 
the same direction a great many times. These threads 
were drawn away and passed over two pulleys in opposite 
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directions and heavy weights weighing from 10 to 30 lbs. 
were attached to the extremities of the strings. "When 
the apparatus was in perfect order there was very little 
friction, because the strain of the string is equal in 
the two directions. The quantity of friction there was he 
was enabled to measure by an extremely ingenious process 
with considerable accuracy. He let his weights descend 



to the door from a distance of five feet, then he wound 
the string up again without turning the paddies at the same 
time and let the weights descend again, and repeated this 
operation twenty times for each experiment. After that 
he measui’ed the temperature of the water, and knowing 
the weight of water there was there, he knew the amount 
of heat that had been generated. He also knew the 
amount of mechanical force which had been employed 
because these leaden weights had descended 20 feet five 
times. He also calculated the amount of friction due to 
the resistance pivots. Great precautions were taken to 
prevent any error arising from the heat of the body reaching 
the apparatus or from the heat escaping from the vessel 
containing the water ; and measurements were made to 
find out how much heat did thus escape, and allowance 
was made for it. Every possible correction having been 
thus applied. Joule eventually arrived at the conclusion 
that the mechanical equivalent of heat is 772 feet lbs,, 

B 2 
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thai is to say, i£ a weight of 1 lb, be allowed to fall from 
a height of 772 feet, it would generate heat when it 
stopped sufficient to raise 1 lb, of water 1° Fahr. Theso 
experiments 'were very important because they were 
entirely of a new order. Rumford and Davy in previous 
times had almost as clearly as Joule pointed out that theie 
must be a mechanical equivalent of heat although they 
gave no exact experiments proving that this was the case ; 
but philosophers up to the time of Joule had never admitted 
that the friction of liquids oi' the friction of gases could 
produce these differences of tenpei’ature, as was known to 
be the case with the friction of solids. Rumfoi'd’s cele- 
brated experiment consisted in measuring the inci*easo of 
temperature in the boring of a cannon, but people who 
supported the theory that heat is matter said tliat the 
material of which the cannon was coinposc'd changed its 
state when it was boiled, and consequent! that tbero might 
be some evolution of latent heat. But in the case of the 
water which was employed by Joule there is not the 
slightest doubt that the water at the end of the experiment 
is in precisely the same condition as at the beginning, with 
the exception that it is so many degrees hottei*. 

Now in order to show you that this is really true with 
respect to gases, which is perhaps less easy to gi'asp, I will 
show you experiments which will illustrate the action of 
gases in producing heat by friction. Here I have a deli<*ato 
galvanometer which is in connection by these wires wath a 
thermopile, the most delicate means of measuring tompoi*a- 
ture which we possess. - As soon as I heat one side of this 
thermopile the needle is driven away in one dii'cciion, and 
if I were to cool it by putting a block of ice near it, the 
needle would move in the opposite diiection. Now if I 
take a pair of bellows and blow gently on tlie face of 
the thermopile there will be sufficient friction of the 
air to produce a sensible motion of that needle. You 
see as I blow the face of the pile is gi'adually warnn d 
and the needle moves to one side, showing that there is a 
certain amount of heat generated by the friction of the 
air against the pile. In this case the work is done at the 
point of contact between the air and the pile ; but if I 
employ air which is intensely compi'ossed, such as that 
which is inclosed in this vessel, so soon as I let th© air 
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escape, the air does a vast amount of work in creating 
vortical whirls ; it causes the air that issues to circulate 
in vortical movements with great velocity, and in order to 
do tliis it expends a vast amount of work, and the con- 
sequence is that the air in doing this working cools to a 
very great extent, because instead of having work done 
upon it, it is doing work itself, and in order to do work it 
must absorb heat, and the heat absorbed is the exact 



equivalent of the work which the gas does. You see the 
needle move sensibly away to the other side, showing that 
cold was produced by the work which was being done by 
the air in issuing from that orifice. There are a very 
large number of other ways in which heat can be generated 
without the performance of mechanical work. There is, 
for example, when chemical combinations take place, a 
development of heat, although the operator is exerting no 
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great nieclianical force. Or, again, when a body changes its 
condition from the liquid to the solid form, a considerable 
amount of work is done, and that is shown by a change in 
the temperature. For example, we may employ such a 
solution as this of glauber salts which is supersaturatcMl, 
that is to say, it contains more salt than is natural to it in 
its present condition, and the reason wliy it does not 
crystallivse is that the solution is in a sort of passive state ; 
it is ready to crystallise, but it has received no inducement 
to crystallise in one direction more than in another. If, 
however, I introduce into the liquid a small piece of tiho 
crystal itself, then crystals will be foi-med about this piece, 
and there will be a sudden soliditication of the contents of 
the vessel. Now when this substance changes from the 
liquid to the solid state there is a contraction of the mass 
which is equivalent to a variation of what I may call the 
potential energy of the molecules of this mass. They 
are brought closer into contact with an evolution of heat, 
just as you may imagine an evolution of heat if two 
planets meeting each other wei-e suddenly brought to a 
stop by their collision. This wdll be shown by the move* 
ments of the needle as the liquid solidifies by crystallisation. 
So it is always ; whenever there is that change of state 
there is a waste or gain of heat from the substance. 

Now I must pass from tliis portion .of the lecture as 
shox'tly as possible, which is an enunciation of the first 
law of thermo-dynamics — ^which is illustrated by these 
experiments we have seen, and which was the great laboixr 
effected by Joule ; but I recommend you all to read the first 
account of his work which he published in the Fhiloso 2 ihical 
Tranmctio7i$ for 1850. 

But now I will pass on and try to explain some of the 
very remarkable facts which have been brought to light 
by the study of what is called the second law of thermo- 
dynamics. 

I suppose that we have a piston working in a cylinder 
and gas, then if we exert a px'essure upon the piston wo 
reduce the volume of gas, and the greater the pressure the 
less is the volume occupied by the gas. If we increase the 
pressure very slowly so that the temperature remains 
uniform we shall find that the substance will have its 
condition in eveiy state repz'esentcd by such cimves as 
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these two lines which. I have marked at 10"^ C. and 20*^ C,; 
that is to say, suppose a substance has a pressure of six 
atmospheres, or any other unit of pressure, and then that 
this volume is 2f cubit feet, then the condition of the 
substance at that time will be represented by the point A. 
Then let the pressure gradually be diminished until it 
reaches 4 J cubic feet, then it will come to this point B, and 



the line of that curve will represent the condition of the 
substance there, and its volume will be represented by the 
perpendicular distance of the point from the line of pressure ; 
that is to say, about 3f cubic feet. If, on the other hand, 
we employ a temperatui^e of 10® the state of the same 
substance will be indicated by this curve in exactly tha 



4i> LEOTUM^JS TO SGIMJ}TCE TMAGMBRS. 

same way, But I want to point out to you that we can 
alter the volume of a gas in different ways. In the case I 
am speaking of we may increase the pressure so gradually 
that it has not time to get warm, but if I were to compress 
the gas very suddenly it would generate a certain amount 
of heat by the mechanical work I was doing, and con- 
sequently this heat would tend to expand the gas and 
prevent a given pressure from reducing the volume so 
much as in the previous case. Thus if I compx'ess the gas 
without letting any heat escape, the increase in pressure 
corresponding to a given diminution in volumo will be less. 
Such a state is represented by two curves which I have 
called adiabatic cui'ves. If I increase the pressure from C, 
keeping the temperature constant, the curve goes up, bxxt 
if I do it so suddenly that no heat can escape, then tho 
pressure is greater than would be indicated by that line. 
In order that you may see that this is really the case, 
that w© can generate a considex'abl© amount of heat by the 
application of pressure to a gas, I will take a little cotton- 
wool moistened in bi-sulphide of cax*bon, and by intro- 
ducing it into this glass syringe and taking it out again 
that introduces a certain amount of vapour of bi-sulphido 
of carbon. How if you watch carefully as I coixipi'ass it, 
you will see a flash indicating tho amount of heat genorat(^(l 
by my compi'ession. If I had done this more gently, axxd 
had compressed it so slowly that tho hext was able to 
escape, and it was kept at a uniform temperature, then the 
pressure when I had reduced this volume to a certain 
amount would not he so gi*cat as in the case I have just 
shown, you. In other words, if we do it slow enough we 
are following one of these isothermal cuiwes, but if we 
do it very rapidly we follow an adiabatic cux've. 

How in the consideration of the second law of thermo- 
dynamics there is one thing w© have continually to speak 
of, and that is the employment of a reversible engine. 
The idea of a reversible engine was introduced by Carnot 
in 1824, and has proved of enormous service in the principles 
of thermo-dynamics. I will show you an example of a 
certain engine whose action can be reversed, but neverthe- 
less it is not what Carnot calls a reversible engine. Hex*© 
I have a Gramm© machine, for generating electricity. 
By rotation by a bell over tho left-hand axle I cause coils 
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of copper wire to rotate between the poles of a large mag- 
net, and the consequence is that electricity is generated in 
these coils, and the electricity can be conducted along these 
wires, and can be exhibited by heat in a piece of platinum 
wire. You see that there is a considerable quantity of 
electricity generated by the performance of mechanical 
work. But if I increase the rapidity of rotation so as 



to melt the platinum wire, as soon as the wire is melted 
the machine almost runs away, because then I have taken 
away the resistance which was producing this heat ; I am 
no longer producing an electrical current, and consequently 
1 have not to spend so much force in turning the machine. 
That difference in the mechanical exertion which I was 
using was indicated by the amount of heat which was 
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genei’ated by tbe electric current. Now I will produce the 
reverse effect, and show you that if I drive a current of 
electi'icity through these wires I shall be able to produce 
a mechanical effect simply by the reverse action. In this 
case a current of electricity will be passed through these 
coils which lie near the poles of the magnet. The con- 
sequence of this is that the coils of wire with the electricity 
moving through them ■will have a tendency’’ to rotate past 
the poles of the magnet, and thus magnetic energy will 
he exei^ted. As soon as contact is made you see the wheel 
will rotate in the reverse direction. 

Now this is truly what we might call a reversible engine, 
because in the first place I exerted nieclianical effort to 
produce an elective current, and in the second place 1 
cause an elective current to produce the reverse mechanical 
effect. But in thermo-d^uiauiies this is not what we call 
a reversible engine, because there arc certain effects pro- 
duced hy the mechanical action which are not reversed 
w^hen we connect it with an electric battery. For example, 
when I turn the machine, the two wires being in contact, 
there is a heating the w^hole length of this wire, and 
consequently when reversing this effect, w'hen I connect 
these wires with the battery, the wires ought to be cooIckL 
But this is not the case ; they are heated as mtich by tJie 
battery as they were by the ixieehani<‘al action, and con- 
sequently the machine as exhibited here is not a completcdy 
I'eversible engine. 

Another case will occur to you wdien you take the action 
of a steam-engine. Suppose, in place of giving heat to the 
steam and making it do mechanical 'work, that you %vere 
■working an engine in the revei'se direction, you would 
exert mechanical energy in compressing your steam and in 
converting it into water, and in this way you would reverse 
the action ; instead of gaining mechtinical energy from heat 
you would be gaining a certain amount of heat from the 
expenditure of mechanical energy. But in this case also 
there is waste of heat finm conduction and other means 
through the cylinder, and consequently the steam-engine 
also is not a reversible engine in the thermo-dynamical 
sense of the word. 

Now let me try and give you an idea of a truly rever- 
sible engine. Supposing I had two vessels at different 
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temperatures ; suppose this vessel filled with ice, and here 
I have the room at a certain different temperature. Let me 
start with this cylinder, and suppose that the temperature 
was and I increase the heat to the condition indicated 
by the point O on the diagram. Let me now compress this 
suddenly so that no heat escapes. I bring it to the point A ; 
then while it is still compressed very suddenly I have it at 
a high temperature. I ought to have pointed out that 
the temperature in the vessel was 1 0°, and that by suddenly 
compressing it I raised it up to a temperature of 20° at a 
great pressure ; then you may diminish the pressure 
gradually, keeping it at a constant temperature. Then it 
will expand until it occupies some position on that line 
indicated by B. Then let me suddenly expand it a good 
bit more without allowing any heat to escape ; it will 
grow cool because it has exerted a mechanical effect in 
driving out the piston, and since no heat escapes its 
condition will pass along this line and it will come to the 
point D. Let this go on until it reaches the temperature 
of this vessel, 10°; then finally let me put it in this vessel, 
and keeping it at a constant temperature gradually increase 
the pressure until I reach the original volume which it 
occupied, which was indicated by the point 0. Thus I 
have completed a cycle of operations which you will very 
easily see is perfectly reversible, because I have only taken 
in or given out heat during two of the operations, when 
passing from A to B, and from ID to 0. I took in heat when 
passing from A to B, and gave it out when passing from 
D to 0. Along the other parts of the curve there was no 
transference of heat, because I performed the operation so 
suddenly. Now since the transference of heat always took 
place at a definite temperature, without the temperature 
changing, it is perfectly easy to reverse that operation and 
to pass from B to A by compressing the substance gradually 
without any heat being allowed to escape. This is exactly 
the reverse operation which was performed before. You 
will easily see therefore that all these four operations are 
perfectly reversible, and therefore such an engine, if it 
could be made, would be a perfectly reversible engine. 

Now the remarkable point connected with this reversible 
engine is, that a reversible engine is the most perfect kind 
of engine that can he imagined. If it were possible to 
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have an engine more perfect than this reversible engine, 
let me employ that engine to drive this reversible one, of 
which I have been speaking, in the reverse direction. 
Then, since it is more powerful than this reversible engine, 
it will ti'ansfer more heat from this cool part — from every 
part of it beyond C D to the body^ which is at a tempe- 
rature of 20^ I and therefore the most perfect engine will 
cause this reversible engine to transfer more heat from 
C D to A B than that more perfect engine is utilizing ; in 
other, words, we should have perpetual motion by the 
employment of such an engine. The more perfect engine 
would be using this reversible engine in order to store up 
a large supply of heat, — to carry heat from a body at a 
low temperature to a body at a high temperature. 

Now we may state the second law of tliei'mo-dynamics, 
either in the form that it is impossible by the aid of .any 
dead matter to transfer heat from a s<')urce at a low 
temperature to a body at a high temperature ; or we may 
say that it is impossible to produce perpetual motion. In 
either of these cases the reversible engine must be the 
most perfect one that we can produce. I am afraid that I 
shall nob have time to go as fully into the diagram as I 
intended, but I will indicate some points about it w'hieh 
lead to most important conclusions. In the revei'siblo 
engine the path A B C D is traced out, and we can also 
prove very simply that the area A B 0 D is proportional 
to the amount of work which is done by the engintj. It is 
impossible for me to explain to you the reasoning by wliicli 
Sir William Thomson ax'rived at this conclusion, but I will 
simply allude to the fact that Sir William Thomson has 
found that if we measure the temperature of a body by 
the area included between these two adiabatic lines frcan 
the points where they meet one another up to the isoihei'mal 
line for that particular tempei'ature, then we havt^ an 
absolute measure of temperature which is independent of 
the substance which is employed to make our thermometer 
of ] and also that this measure of temperatxire agret's very 
closely with the measure derived from an air thermometer. 

Consequently it follows that the heat utilized in such an 
engine as I have been describing is to the heat %vhich is 
absorbed from the boiler in tbe ratio of the dilfereneo of 
temperature between the refrigerator and the boiler to the 



TIIERMO^D YNAMICS. 


45 


a-bsolute temperature of the boiler, that is to the tempo- 
ratux'B measui’ed from absolute zei*o, where there is no heat 
whatever. Consequently if we indicate the absolute 
temperature by measuring from the absolute zero, that 
is to say, from about — 273 0., and if T be the temperatme 
of the boiler and S the temperature of the condenser, 
and suppose we absorb from the boiler an amount of 
heat equal to H, then the heat which it has utilized is 


H X 


T S 
T 


There are a great number of other deductions which can 
be made from a study of this diagram. Some of the most 
important of these depend on the evolution of heat when 
we compress or expand different substances ; and one of 
the most general conclusions arrived at is this, that in the 
case of all substances which expand with an increase of 
temperature we shall have an increase of heat when we 
compress them. But there are one or two substances 
which contract when heat is added to them ; and these it 
is found give off heat or grow cool when they are compressed. 
Water, for example, between the temperature 0° O. and 
4° C., is such a body; and it was pointed out by Joule 
that India-rubber when it is suddenly sti'etched instead 
of growing cooler grows hotter, and in consequence of 
this it was predicted theoietically that if stretched India- 
rubber be heated gradually, instead of lengthening it will 
contract. This is one of the most striking applications of 
the theory of the second law of thermo -dynamics ; but 
perhaps the most striking one is the experiment of Prof. 
James Thomson, which was afterwards followed by his 
brother Sir William Thomson, in which he showed that the 
melting point of ice is lowered when we exert great pressure 
upon the ice. He deduced this from the fact that the water 
expands at the moment when it solidifies. I have here an 
arrangement by means of which perhaps I shall be able to 
show this. But it is a troublesome experiment, and my 
galvanometer has rather more resistance in it than is 
desirable to show it well. I have here two wires, one of 
iron and another of copper. There are two junctions of 
the iron and copper wires, one of which I keep constantly 
in a vessel containing ice and water to keep it at a constant 
temperature, and the other junction is passed over a block 
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of ice. I shall apply a weight in order to press this 
junction against tlie ice, and when T give a certain amount 
of pressure to the wire the pressure lowers tlie melting 
point of the ice, and since this ice cannot got (‘oohu* it 
must melt. The consequence of this is that the wire is 
gradually eating into the ice, and the greater weiglit we 
apply the more it will eat into tlie ice, hut a.s soon a,s tlio 
wire passes through the ice the pressure ]>y ilio wire is 
relieved and consequently the water will solitlify, and tlius 
we shall have the })henomenon of the piece of wire cutting 
its way into the ice and the ice being solidilied in the 
channel through whicli the wire has passed. But movi) 
than that, the temperature at the place where tliis ("addng 
is being accomplished is chaiiged, the teinpera-ture is 
lowered by the a]>})lieation of this process, and T hojio 
by the arrangement of wires with this thermo electra^ 
junction that we may just be able to see the altera, iion of 
temperature when we exert a considerable pressuz'e u])on 
the wire. 

Now I will show you the experiment of stretching India- 
rubber, which is another almost as striking an illustration 
of the second law of thermo- d^mamics. This India-rubber 
is suspended from a point above in the interior of a tube. 
The weight which stretches it has its base in contact with 
the short arm of this lever which points to zero on the 
scale. I can heat the India-inxbber by holding a Hanie at 
the bottom of the tube in which it is suspended, and wb 
shall find that the India-rubber contracts, as indicated by 
the motion of the pointer on the scale ; so that there is 
not the least doubt that the application of heat to stretched 
India-rubber causes it to contract. In connection with this 
there are several curious considerations, to which I would call 
your attention. Here is one point vrhich has not yet been 
investigated. This stretched India-rubber contacts when 
you apply heat to it, but if it were not stretched we know 
it would expand by the application of heat. What then is 
the amount of stretching required in order that the Imlia- 
rubber might neither expand nor contract? This would 
probably depend on the temperature and a variety of other 
causes ; but it would be extremely interesting if some one 
would investigate the subject. 

I regret that I have been able to-day to entei* only so 
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very shortly into this subject, for I should have liked, if 
possible, to have gone further, not only into the purely 
thermo- dynamical work which has been done, chiefly by 
Clausius and Sir William Thomson and the late Prof. 
Rankine, but also into the Elinematic theory of gases in 
which so much has been done especially by Prof. Clerk- 
Maxwell ; but those who wish to study this subject further 
will find the theory extremely clearly stated in Prof. 
Clerk-Maxwell’s admirable book on Heat ; and there are 
some beautiful propositions which I hoped to explain to 
you to be found in Rankine's book on Prime Movers, which 
were published in the Fhilosojphical Transactions of the 
Royal iSodety of Rdinhurgh, 

The first law of thermo-dynamics is perhaps more easily 
understood, but the applications of the second law ai’e so 
important that I have tried to spend a little more time on 
them than on the first law. I am afraid I have gone too 
i-apidly over the subject ; but it is a very extensive one, and 
I can only hope you will read up this portion of it which 
I have spoken of. 



ON BALANCES. 

BY H. W. CHianOLM. 

1. Ebpobe proceeding to describe the several kinds of ba- 
lances, and the mode of using them for scientific purposes 
I propose to call your attention to the princijole of the balance 
and object of its use. 

The balance, whether in its simplest form or with it-s most 
elaborate additions, is the instrument universally employtid 
for weighing bodies, or, in more scientilic language, for mea- 
suring their mass. Tor this purpose the weight of the body 
is compared by means of the balance with another body of 
knovm weight, such as a standard ^veiglit or a duly authen- 
ticated copy. 

2. All w^eights arc referred to one standard or unit of 
weight, and are stated in numerical terms of this unit, or of 
one of its multix:)les or parts. In this country the unit of 
weight is the imj^erial standard pound avoirduxiois. It is made 
of platinum, and is in my legal custody as Warden of tlie 
Standards. It is kept, together with the unit of length, the 
imperial standard yard, which is a bar of bronze, in a fireproof 
iron chest in the strong-room of the Standards Ollico, 7, Old 
Palace "Yard, Westminster. The standard pound is nt)t 
allowed to he taken from its place of deposit except on very 
special occasions. But I can here show you a facsimile of it, 
a copy in platinum-iridium, composed of ten x)arts of iri- 
dium to ninety parts of platinum. This alloy is a much 
better material for a primary standard weight than platinum, 
as platinum is a soft metal and liable to injury, whilst pla- 
tinum-iridium is harder than steel. Platinum-iridium has 
been selected by the International Metric Commission at 
Paris as the material for the new international metric stan- 



ON BALANCES. 


49 


dards — tlie kilogram, tlie nnit of metric "weight, and the 
metre, the unit of metric length ; the object of the appoint- 
ment of this commission having been to construct new 
primary standard units of metric weight and length and 
identical copies for all the countries of the civilized world. 
Yon may see specimens of this platinum- iridium exhibited 
by Mr. Matthey (Catalogue Appendix, I^os. 259^ and 259c), 
showing also the peculiar sectional form of the new standard 
metre. 

3. But I must proceed with a definition of weight. The 
loeigJit of a body is the measure of the force of gravitation 
which the mass of our globe exercises upon the mass of all 
smaller bodies upon its surface, and in a line perpendicular to 
its surface, or, more properly speaking, to the surface of a 
still liquid upon it. Gravitation is the effect of the force of 
attraction which is inherent in all physical bodies, by which 
they are drawn towards each other in proportion to their 
mass, or the quantity of matter that each body contains. As 
shown by Sir Isaac IsTewton, attraction acts universally with 
a force varying inversely as the square of the distance from 
the centre of the mass, and with a velocity varying in propor- 
tion as the medium through which the bodies drawn is more 
or less rare. 

4. If our globe were a perfect sphere, and of uniform 
density (I shall have presently to speak to you of density as 
respects the density of bodies weighed), the force of gravita- 
tion would be the same on all parts of the earth’s surface. It 
is known, however, that the figure of the earth is flattened 
at the poles, and the best computations have determined this 
flattening, or the difference between the length of its polar 
axis as compared with its mean equatorial diameter, to be 
about -ij^th part of the earth’s diameter. The effect of 
this difference of distance from the surface to the centre of 
the earth is to diminish the force of gravity in passing from 
the pole to the equator ; and it has accordingly been computed 
that a weight of 100 lbs. at the equator weighs more lOOJ 
lbs. at the pole, and more than 100-|: lbs. in the latitude of 
London. Practically, however, one coidd only test this dif- 
ference of the force of gravity with a spring balance, and not 
with a beam balance, where the weights in each pan must 
both he equally affected by the force of gravitation. 

I shall presently show, when describing the mode of scien- 
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4. If our globe were a perfect sphere, and of uniform 
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tific woiglimg, in wliicli tlie greatest accuracy is re((^uinHl, that 
allowance must be made not only” for the cUlhu'ciit foiH'.e. of 
gravitation at different latitudes, hut also at phuu\s diflering 
more or less in height from the sea h^veh That the fonn^. of 
gravitation at different points of the carilfs surfaces is also 
affected by the density of the earth underneath smdi points 
is beautifully exemplified by Di\ Siemens^ instrument, the 
bathometer, as will be explained to you by himsclL 

5. With these preliminary observations upon the sti1)j<H‘t 
of weight, I mil now proceed to the subject of balances, the 
more immediate object of this lecture. 

The balance in its simplest form is a beam made to vibrate 
upon a centre of motion, with pans, or other contrivaiu*us fur 
supporting bodies weighed, hanging from the extremities of 
the two arms of the balance. Prom the depression of either 
pan the excess of weight of the body placed in it is deter- 
mined. Balances may be classed under two heads : (1) Ordi- 
nary balances, or scale-beams with e{|ual arms, having the 
beam suspended at its middle. If an erpial-armcd halanc.o 
is properly adjusted so that tlio beam is exactly horizontal 
when the pans are empty, the balance will he in ctiuilibrium ; 
and the balance will also he in equilibrium, that is to say, 
the beam w^ill rest in a horizontal position, after equal weights 
have been placed in the pans. (2) Balances with unequal 
arms, in which the beam vibrates upon the centre of motion 
placed more or less near one of the extremities. These two 
classes comprehend all balances of precision, or scientific 
balances. Spring balances are also used, where the l)<)dy 
weighed pulls do^vn a spring to which a pointer is atiac.hed, 
moving on a graduated scale, and thus indicating the weight. 
But these balances are not balances of precision. 

6- You may here see a good sx)ecimen of an equal-armed 
balance, made by Mi'. Oertling, who has constructed most of 
the best balances of the Standards Department. It is made 
to hold a kilogram, or a 2 Ihs. weight, in each pan. You may 
see that when the balance is set in motion, the pans Toeing 
empty, the beam is exactly horizontal. In order that it 
should be so, it is necessary that the frame of the balance 
should be accurately levelled ; and you may see that is done 
by two spirit levels placed upon it. Tho horizontal position 
of the beam is shown by the pointer at one of its extremities 
being in the middle of the graduated index. 
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I sliOTild explain to yoa tliat in all scientific weigMngs, or 
weighings in which special accuracy is required for deter- 
mining the exact amount of diJfierence between two bodies 
weighed, the weights placed in each pan should be so ad- 
justed that the beam only oscillates very slightly, and the 
pointer does not range beyond the limits of the index. The- 
adjustment is effected by adding to the lighter pan very 
small balance weights, the value of which has been accurately 
determined, until the requisite approach to equilibrium is at- 
tained. The difference of the two bodies weighed can then 
be read off on the index in divisions, the value of which is 
known. 

We now arrest the balance, and place one of two equal 1 
lb. weights in each pan, and again set the balance in motion. 
These are gilt bronze standard weights very accurately veri- 
fied. You will see that the beam of the balance continues 
horizontal, as shown by the position of the pointer. 

7. I shall next show you two specimens of balances with 
unequal arms. The first of these is part of a model kit, con- 
taining all the instruments necessary for an inspector of 
weights and measures, these instruments being made to pack 
in a case. It is a septimal balance, in which, as you will see, 

1 lb. placed in the pan suspended from one of the ex- 
tremities of the beam balances 7 lbs. placed in the pan sus- 
pended from a knife-edge placed one-seventh of the distance 
from the middle of the beam to the other extremity. It is 
of consequence to make the inspector’s kit, which he has to 
carry with him, as hght as possible. It contains a 4 lb. a 

2 lb. and a 1 lb. weight, and a nest of small weights, weighing 
altogether 1 lb. more. By placing all these weights, amount- 
ing together to 8 lbs., in the pan suspended from the end of 
the beam, the inspector is enabled, as you may see, to test 
a 56 Ih. weight placed in the other pan. This septimal 
balance has also the advantage of being a serviceable equal- 
armed balance, by having a second knife-edge at the extre- 
mity of the beam, from which a pan of equal weight to that 
at the other end can he suspended. 

The other balance with unequal arms is a Trench balance, 
and is part of a similar kit supplied to the verifiers of 
weights and measures in Trance, where the decimal metric 
system is established. You see there is a knife-edge placed 
one-tenth of the distance from the middle of the beam to 

E 2 
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one extremity, and 'vvlien a weight of 10 kil^sgrains is i>laee«l 
in the pan suspended from this knife-edge, it is halaiieed hy 
a 1 Idlogram weight in the pan suspendtHl from th(3 other 
end of the beam. 

8. In both these ldn<ls of balance the 1 teams art* lt*vers ai 
the fii'st order, the fiilernm upon which the beam turns being 
placed between the power and the wdght, that is tt? say, 
between those points of the beam which carry the tt'siing 
power on one side and the tested wcaght on Hum dlier sith*. 
On the J3rinciple of the lever, the power of any wanght to 
move a balance beam is proportionatidy greater act^ording as 
the part of the beam which is j)ulled doAvn l>y that weight 
is more distant from the fulcrum or the centre of motion 
of the balance. Hence it follows that the x^ower of a weight 
to move a balance is in a ratio <*.omxionnded of th(‘. weight 
itself and of the distance of its point of susjKUision from the 
centre of motion of the balance. 

A nmltixdying or proj)ortionatc balance can (uaisequiaiily 
be constructed, as you have seen, for deterniining tin* winght 
of a body jdaced in the i^an snsi)endt*d from the shcati^r arm 
of tliG beam, by its being found equal to a multixdt*. of a unit 
weight j)laced in the pan suspended from the hutger arm of 
the beam, usually termed the weif/ht-j)LXTi. Thus, if the beam 
be divided into say three equal x)arts, and the centn*. of mo- 
tion be xdacod at the first of thCvSe divisions, one-third o£ the. 
whole length of the beam, 1 lb. j)laced in tlio wcight-i)an 
will form an equipoise with 2 lbs. placed in the otlnu pim, 
and so on. 

9. The two balances with unequal arms, which have b(*en 
exhibited to you, are specimens of this class of lialanee wluu’o 
there is a fixed proportion between the two arms. In tlu*st^ 
balances any weight i>laced in the weight-i^aii will (*quixH)se a 
X^roportionally larger weight in the other pan. But 
are also balances of the same class wdiere a similar resxilt is 
produced by a variable proportion between tlie two arms, ami 
hj one fixed weight only, "which is made to travea'se, altjng the 
graduated long arm of the balance. Such baiauces an*, as 
you know, called by us steelyards. They axq>ear to lunu*. btnm 
first used by the Homans, and to have been the earliest form 
of a well-coBstriicted multqdying balance. In Framse. they 
are still called Homan hahinees. You may here' see a sx^eei- 
men of an ancient Roman steclj^ard, or statey^a^ which has 
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"been sent for exhibition, ISTo, 332 in the catalogue. There 
is also a very fine specimen of a steelyard in the room 
below, exhibited by the Spanish Government, which could 
not conveniently be brought up here for you to see. 

10. I may here shortly refer to some other balances of 
peculiar construction, which are exhibited in the collection. 
Mohr^s balance (No. 4467 in the catalogue) is stated to be 
a balance with one arm. But you will see it is merely a 
balance with two unequal arms. There are also in the collec- 
tion some hydrostatic balances intended for weighings in 
water. Hydrostatic iveighings may, however, generally be 
made in an ordinary equal-armed balance of precision, by 
means of a short pan specially constructed for the purpose 
with a hook underneath, from which the body to be hydro- 
statically weighed is suspended by a very fine wire, and is 
immersed in a vessel of distilled water placed underneath the 
short pan. 

11. I shall now go on to describe more particularly the 
principles of construction of equal-armed balances of precision, 
as balances for scientific weighings are usually called. 

The chief requirements of such a balance are as follows : — 

(I). The points of suspension of the pans from the beam 
ought to be exactly in the same line as the centre of motion, 
or the fulcrum on which the beam turns when set in action. 
The line joining these three points is the axis of the 
beam. 

(II.) The two points of suspension of the pans should be 
exactly equidistant from the centre of motion. This is a 
sine qua non for a just equal-armed balance. 

(III.) There should be a minimum of friction at the centre 
of motion and the two points of suspension of the pans. 

(IV.) The centre of gravity of the beam should be placed 
a little below the centre of motion, 

12. As to the effects of the relative positions of the centre 
of motion or fulcrum with the points of suspension and the 
Qentie of gravity of an equal-armed balance, loaded with 
equal weights, it is to be remarked : — 

(a) When the centre of gravity coincides with the centre 
of motion of the beam, and the three knife-edges are in tbe 
same line, the beam of the balance will have no tendency to 
one position more than another, but will rest in any position 
in which it may be placed, whether the pans be suspended 
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to it or not, and wlietlier tlie pans he empty nr eipiull}^ 
loaded, Sncli a "balance is wanting in proper a(*iinii. 

(5) If the centre of grayily of tlu* hijam, wlien hivel, ho 
immediately above the centre of motion, the beam "will npsot 
with the smallest action, that is to say the end which is 
lowest will descend, and it will des<‘end with the greater 
Telocity according as the centre of gravity is higher and the 
points of suspension of the pans less loaded. 

(c) Exit if the centre of gravity of the beam be imme- 
diately belotv the fulcrum, the beam vdll not rest in any ]iosi~ 
tion hut when level; and if disturbed from the h^vcd ptjsition 
it will vibrate, and at last come to rest in a horizontal posi- 
tion. Its vibrations will he quicker, and its tcndeiuiy i< > the 
horizontal position stronger, the lower the centre of gravity 
and the less the weight upon the points of susiamsion of the 
pans. 

Again, as to the relative position of the central knife-edge 
with the line joining the two outer knife-edges from which 
the pans are suspended, it is to bti observed, 

(1,) That if the fulcrum he below the line joining the poinis 
of suspension of the pans, and these be loaded, the beam will 
upset, unless prevented by the weight of the beam tending 
to produce a horizontal position, as shown in c. In such <aise 
a small weight will produce an etpxipoise ; in the csise of a, 
a certain exact weight will cause the beam to r(‘st in any 
position, and all greater weights will cause the beam to 
as in 5. 

(2.) If the centre of motion of the beam be above the. 
line joining the points of suspension of the pans, the beam 
■will come to its horizontal position, unless preventctl by its 
own weight, as in b. 

(3.) If the centre of motion of the beam coincide with the 
line joining the points of suspension of the pans, and very 
nearly with the centre of gravity, all the vibrations of tlm 
loaded beam will he in lines nearly equal, unless the W(‘ights 
he very small, when the vibrations will be slower. The higheu* 
the fulcrum the slower will be the vibrations of the ])alan(Hi, 
and the stronger the horizontal tendency. 

It thus becomes evident that the nearer the (venire of 
gi'avity is to the centre of motion, the more delicate will be 
the balance, and the slower its vibrations. The teiulen(i 3 r to 
a horizontal position is therefore increased by lowering the 



ON BALANCm. 


55 


centre of gravity, in wliicli case it ivill require an additional 
■weight to canse it to tnrn or incline to any given angle, and 
it is therefore less sensible with a greater load. The fixing of 
the centre of motion in a balance is consequently of peculiar 
importance, for on this depends the readiness with which it 
■will be affected by a smaller weight, and will return to a hori- 
xontal position. And it will be seen that the best position of 
all is that where the centre of motion is a little above the 
centre of gravity. It should, however, be proportioned to 
the distance of the weights from the fulcrum and to the 
amount of the load, and this object can be attained in different 
beams only by practical skill and experience. In order to 
regulate the centre of gravity ip. balances of precision, they 
are made to carry a small weight either tmder or over the 
centre of motion, and movable with a screw* 

If the beam of an equaharmed balance be adjusted as to 
its centre of gravity so as to have no tendency to one position 
more than another, as in a, and the pans be equally loaded, 
then with a small weight added to one of the pans, the 
balance will turn, and the point of suspension of this pan 
will move with an accelerated motion similar to that of fall- 
ing bodies, but very nearly as much slower in proportion as 
the added weight is less than the whole weight borne by the 
fulcrum- The stronger the tendency to a horizontal position 
in a balance, or the quicker its vibration (as in c and 3), the 
greater additional weight will be required to cause it to turn 
or oscillate to an increased angle. If a balance were to turn 
with weight upon the fulcrum, it would 

move at the quickest 10,000 slower than a falling body ; that 
is to say, the pan containing the weight, instead of. moving 
at the normal rate of a falling body, or -through sixteen feet 
in a second of time, would fall only through about -^th of an 
inch, and it would take about thirteen seconds to fall ^ inch. 
Consequently all accurate weighing with a balance of preci- 
sion which turns, with a very small difference in the weights 
placed in the pans, must he slow. 

13. hrom what has been said it may he seen that if the 
arms of a balance be unequal, weights which form an equi- 
poise will be unequal in proportion. A justly constructed 
equal-armed balance may thus he tampered with and made 
a fraudulent balance. One common practice with fraudulent 
dealers is to throw one of the suspending chains of the weight-* 
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pan OTor tlio beam, and tlms bring its point of suspension 
nearer tlie centre of motion. There arc f<^\v of tlu*. ]H?orer 
purchasers who either perceive or understand this at*!, and its 
result. But you will see that if the hcain lye sixteen iiudies 
long and the chain is thrown over a point two inehes nearer 
the centre of motion, the eifect must be to cliininish the 
weighing j)ower of any weights jdaced in the. ptin by one- 
foiirtb, and to defraud the xuirchaser to ibis extent in tln‘. 
'weight of the goods sold to him. 

A similar fraud is sometimes practised hy bute.hers, with 
equal-armed balances having a hook at ea<‘h end to suspend 
the pans. On bending the hook from whitdi ihe weights are 
suspended inwards, the weighing j-yower of tlu‘S(». wtuglds is 
diminished with a result similar to that already shown ; anti 
again, by bending the other hocyk outwards, and thus lengthen- 
ing this end of the level*, a x'»ie(*e of ni<*at a(‘tutdly wt*ighiiig 
4 lbs. ma}?- be made apparently to weigh 5 11 ys. In our t‘ol- 
lection at the Standards Otlice, wiy have a fraudiiliuii btnin 
of this description Avhich wtis seized from ti bidnlicr by an 
insx:iector of weights and measures, and 1 have brought it here 
to show it to you. 

I may also here mention another form of (Mxual-arined 
balance, much used both in this cjountry and ahr<yad, where, 
the pans are x>laGed above the beam and knife-edgt's, wln(*h 
are jointed together. If these balances arc not proxierly con- 
structed they also oxien a wide gajr to fraud. I could show 
you a balance of this descrix)tion which has been dc]>osit(.Ml at 
the Standards Office, where a 1 lb. weight placed in the centre 
of the goods pan exactly counterpoises a 1 lb. weight in tht*. 
weight pan. But if jdaced at the inside edge it is 1] oz. 
against the purchaser, whilst if placed on the ouisitlo edge it 
is in favour of a buyer 1 J oz. A dealer may thus gain 2.*, 
oz. in every 16 ozs. in the quantity of a c^unniodiiy that ho 
buys and sells again, though weighed in the same btilant*e. 
and with the same weights. 

14. In further illustration of these principles of (tonst.riu*- 
tion of a good equal-armed balance, the actual cons triu*.l ion (yf 
the several x>arts of the balance -will now be explained, llu? 
fulcrum on which the beam of the lialanee rests and iiirus at 
its centre of motion is a horizontal idane of xyolished steel or 
agate supported on the column of the balance. Tlu^ ]>i‘am 
rests upon this fulcrum or bearing by meiuis of a kiiife-cclg(*. 
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of liardened and polislied steel; the line of the knife-edge 
is also in a horizontal plane at right angles to the axis of 
the ’beam. The whole length of the knife-edge ought con- 
sequently to be in contact with the plane of the fnlcrnm at 
every point. This knife-edge is at the lower edge of a steel 
prisnij the section of which is an equilateral triangle ; and the 
edge is ground with a small facet on each side so as to in- 
crease the angle at the edge from 60^ to 120*=^. Captain Kater, 
who was an eminent member of the Koyal Society fifty years 
ago, and took the most active part, as a member of the Stan- 
dards Commission, in superintending the construction of the 
imperial standard weights and measures which were legalised 
in 1825, considered the angle of 120® to be practically the 
best form for the knife-edge of a balance of precision, and the 
balances of the Standards Department have since been ad- 
justed to this angle. It requires great care in a skilled work- 
man to adjust the knife-edges, as the excellence of the action 
of balances depends very much upon them. The small 
facets on each side of the knife-edge ought to be exactly 
rectangular. 

Whilst the central knife-edge is at the lowest part of the 
prism, the two knife-edges at the ends of the beam have, on 
the contrary, their edges uppermost, and you will see that the 
tendency of this arrangement is to bring the centre of gravity 
of the balance a little below the centre of motion. The pans 
are suspended from these two knife-edges by means of agate 
or steel X3lanes bearing upon them. 

In order to preserve the nice adjustment of the knife-edges, 
they are never allowed to be in contact with their bearings, 
except when weighings are actually being made. At all other 
times the beam and pans are supported upon a frame attached 
to the column of the balance, and movable in a vertical 
direction upon it. When the balance is required to be put 
in action, the support is very gradually lowered by means of 
a lever handle, and the knife-edges are brought upon their 
bearings, so that the balance is left free to act. As soon as 
the weighing is completed the supporting frame is again 
raised, and the knife-edges are thus hfted from their bearings. 

15. The chief cause of discordances in the results of suc- 
cessive series of weighings with a balance of precision, which 
it is necessary to guard against, is the risk of the knife-edges 
not being brought again to exactly the same place on their 
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plane Ibearings after the balance has been stepptHl and again 
set in action. The most perfect balance is one tliai varii's 
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tlio attainment of this important object, the supporting 
frame is furnished at each of its extremities with two steel 
pins terminating in cones, and made to fit exactly into corre- 
sponding conical holes in the plane hearings over the knife- 
edges at the ends of the beam. These two conical holes are 
in a line with, and on each side of the knife-edge. The hues 
joining the points of the two pins and of the conical holes 
are thus in a line normal to the axis of the beam, and all the 
points are in the same horizontal plane when the balance is 
at rest. As the movement of the supporting frame in a well- 
constructed balance of precision is always in the same vertical 
line, being guided by vertical rods fitted to cylindrical drilled 
holes in the column of the balance, the knife-edges and their 
bearings are thus always brought into contact in the same 
relative positions. 

The arrangements of the knife-edges and of the supporting 
frame may be seen in the kilogram balance constructed by 
Oertling, now exhibited and illustrated by a large drawing, 
(See Tig. 1.) To show the great importance of avoiding every 
risk of a displacement of the knife-edges on their bearings 
by the most exact agreement being maintained between the 
position of the supporting frame and of the beam itself, it 
should be pointed out that in this balance the conical pins 
are a fixed part of the supporting frame, and must descend 
and ascend in the same vertical line, whilst the points of 
the conical holes, being movable with the beam, must move 
in the line of the circumference of a circle, the radius of which 
is the length of the axial line from the centre of motion of 
the balance to these points. There is consequently a risk of 
displacement from any such difference in the line of motion 
of the and their conical holes, although the risk is 

diminished in proportion to the length of the beam. Such 
risk did not escax^e the observation of Captain Kater, and 
in some balances made under his direction by Mr. Bate an 
arrangement was made by means of two side rods hinged to 
the central vertical rod, and of the proper radial length, to 
give the same circular motion to the supporting pins as the 
conical holes. You may see a similar contrivance in the 
small Mendeleef balance now before you, which is exhibited 
by me, hTo. 344a in the catalogue. (See Tig. 2.) 

16. Attention should here be caEed to the difference of 
construction of these two balances of precision, each of them 
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coiisinictcHl hj Mr. Oertling, and made to carry a kilogram 
in eucli pan, but differing materially in the length of their 

Long l)eams liaYe generally been recommended for balances 
of precision^ because the quantity of motion in any point pf 
a lever varies as its distance from the fulcrum ; and^ there- 
Ibre^ the greater the distance of the parts of suspension from 
the centre of motion of an eqnal-armed balance, the more 
distinguishable •will be the motion arising from any small 
difference between the weights compared. On the other 
hand, there are certain advantages in the quicker angular 
motion, greater strength, and less weight of a short beam. 
The larger balance has a beam of ordinary length, being 20 
inches long and about 2 lbs. in weight. Its sensibility is so 
great when in proper condition, that, loaded with a kilogram 
in each pan, a milligram (eqnal to xuw which is 

i c 0 iw6 ^ kilogram) added to one of the pans 

causes a difference in the resting point of the balance of about 
ten divisions of the index scale. One division, therefore, 
corresponds with OT milligram. 

17. The other balance has been quite recently constimcted 
from a design by M. Mendeleef, Professor at the University 
of St. Petersburg. The length of the beam of this balance 
is only 4-| inches, and its weight about ^ Ih. This balance 
has not yet been sufficiently tested as to its sensibility, hut 
M. Mendeleef claims for his own balance, which served as 
a model for this balance, that one division of the scale is 
equivalent to 0*07 milligram only. 

An attempt is here made, and, as it appears, not unsuccess- 
fully, to overcome the disadvantage hitherto considered to he 
inherent in a short-armed balance : of its oscillations being 
necessarily of very small extent, and minute differences in 
weights compared being consequently not observable. The 
mode adopted is, as you may see, to employ a microscope 
with a micrometer for observing the smallest movement of 
the pointer of the beam over a very finely graduated index. 
The result has been that, with a kilogram in each pan, an 
additional weight of a milligram to one of the pans has been 
found to cause an observed difference of fifteen divisions of 
the scale. This mode of observing the oscillations of a 
balance is, however, not new ; it was employed long ago, as 
I shall presently show. A fuller description of the Mendeleef 
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Ibalaiice is contamed in Appendix X. to tlio X”intli Annual 
Eeport of tlie 'Warden of the Standards. 

The principal objection that first occurs to this method is 
that, as it requires the observer to stand (dose to one side of 
the balance, there is a tendency to the teinj>eraiure of the 
beam becoming unequally atiected by the greater h(‘at of the 
observer's body, and thus to cause discordances in the results 
of successive weighings. But, on the other hand, the shorter 
the beam, the loss risk there is of its being so acted on. 

The mode of observing the oscillations of the longer-armed 
balance is not open to this objection. The observer is s(*at(Hl 
about live feet from the balance case, and views the move- 
ment of the pointer over the index through a telescx)p(\ Any 
difference of one-tenth of a division is thus readily observed 
by estimation. 

One great advantage of this sliort-armed balance is that, 
being so small, and placed as it is upon a nielallic plate, 
it can be covered with an ordinary glass bell receiver, and 
used as a vacuum balance. In weighings in a vacuum it 
is very important to be able to exhaust the air rapidly and 
frequently ; and that the balance-case serving as a receivtu' 
should be as small as possible, so as to reduce to a minimum 
the volume of aii‘ to be exhausted. 

18. The pans of a balance should be susx)ended in such 
a manner that in all positions the corresponding rods or 
chains of the two pans may be parallel to one another ; else 
the weights, though equal, will not bo in e<piilibrium. 

In weighings with balances of precision, the degree of pre- 
ponderance of either pan is indicated l)y a needle or pointer 
fixed to the beam, either at its centre, in a lino perpendicular 
to the axis of the beam and pointing downwards, or at (utluT 
end and in continuation of its axis. In both cases the 
pointer moves along a graduated scale. But an index pf)inier 
placed perpendicularly to the beam affects its cqiiilibrixnu 
when turned from its horizontal -position ; the measure of the 
momentum of the pointer being its weight multiplied by the 
distance of its centre of gravity from the vertical line. The 
error thence arising may, however, be corrected by continuing 
the pointer, or counterpoising it, on the opposite side of the 
beam. 

The finest balances of the Standards Dcqiartment have the 
index pointer at each end of the beam, as shown in Big. 1. 
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For all weighings requiring special accuracy, the highest and 
lowest points reached hy the needle in successive oscillations 
of the balance are read on the index scale. In each case the 
mean between the highest and lowest readings is noted as the 
resting point of the balance. 

llalances of precision are always enclosed in glass cases, 
with a view both to their preservation, and more especially to 
keep their action in weighings as far as possible from being 
influenced by draughts of air and alternations of temperature, 
•which would affect the accuracy of the results. 

19. Amongst the balances of the Standards Department 
there is, however, one balance of peculiar construction and of 
extreme delicacy, to which I should now call your attention. 
It "was used hy Professor Miller for all his weighings during 
the construction of the new Imperial Standard pound, in- 
cluding his weighings of a kilogram. It has been lent to 
the International Metiic Commission at Paris for the weigh- 
ings of the new kilograms, or it would have been sent here 
for exhibition as a scientific balance of considerable historical 
interest. This balance was constructed by Barrow, and is 
similar in construction to Pobinson’s balances. The distance 
between the extreme knife-edges is 15*06 inches. The knife- 
edges work upon quartz planes. The middle knife-edge is 
1*93 inch long. Index scales marked upon thin and nearly 
transparent slips of ivory, a little more than half-an-inch long, 
are fixed to each side of the beam and oscillate with it. There 
are 50 divisions of the scale, 0*01 inch apart. The scale is 
viewed through a compound microscope, fixed in the glass 
case of the balance, and having a single horizontal cobweb in 
the focus of the eyepiece. A glass screen is interposed 
between the observer and the front of the balance case. The 
mean value of one division of the scale was found to he 
about 0*002 grain with 1 lb. in each pan, and 0*005 grain 
with a kilogram in each pan. All the results of his com- 
parisons were noted by Prof. Miller in hundredths of a di-vision 
of the scale. 

20. In describing the mode of observing the oscillations of 
a balance of precision, I should not omit also to call attention 
to the excellent method used by the late Dr. Steinheil of 
Munich, through the adoptibn of a principle originated by 
Gauss. The movements of the beam are observed by means 
of a small mirror placed immediately over the central knife- 
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edge, and with its plane surface normal to the axis of the 
beam. The observer is placed about 12 feet distant from fht‘ 
mirror, and views through a telescope the retletdion in ih(‘ 
mirror of a vertical graduated scale placed close to the tile- 
scope. The ray of light reflected from the mirror and thrown 
upon the graihiated scale serves to indicate with great 
exactness by its angular deviation the diireriaice of the 
standard weights compared. The amount of ditference^ is 
ascertained by reading off the reflected scale the highest and 
lowest numbers at the turning-points of thehalance coinciding 
with a horizontal threa<l fixed in the telesco}K‘. 

21. As balances of precision are alone used for sidoiuific 
w’-eighings, it is not proposed now to enter upon the. subject of 
the larger kind of multiplying balances, such as platibrm 
weighing machines, ■where a unit weight is multipliiul one 
hundred fold, as thihse are used for commercial i')urposes only. 
I may merely dmect your attention to this mixhd of a 
centesimal balance, exhibited 2Sio. 382, in wdiich the only 
principle involved is the most convenient mode gif i*xi (aid- 
ing the length of the longer arm of the lever. It is, how- 
ever, worth your attention as a practical illustration of tht^. 
mechanical power of the lever, 

22. The construction of balances (d imnnsion with knife- 
edges on agate or hard steel plane bearings, -with contrivances 
for keeping them in position, is comparatively of nictnit dat(c 
The best balances were previously constructed with knife- 
edges on curved bearings enedosed in steel boxes to prevent 
shifting. Curved bearings only are generally used for com- 
mercial balances. 

23. You see hero twm balances of pn^cision of jiecuhar 
construction. The first is a balance made by Troughtoii ctivly 
ill the present century, and formerly belonged to >Sir James 
South. It has recently been purchased for the Standards 
Department. The bevam is of wood, and it vi]>rates upon iw'o 
steel points resting on an agate plutc^. The pans are sus- 
pended from pins placed at e(]ual distances from the middle 
of the line joining the two points which form the. amim of 
motion, hy means of thin cords passing ovf‘r tla^ ends of 
beam. I propose to leave this balance to be stHui in the 
Loan Exhibition. 

24. The second is a balance recently made for the Standards 
Department by Mr. Oertling from a design by Mr. xiitingstall. 
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]S3"o. 178 in tlie Catologue. Its peculiarity is that tliin elas- 
tic steel springs are used hotli for the centre of motion of the 
balance and for suspending the pans. It is similar in prin- 
ciple to a balance constructed by the late Dr. Steinheil of 
Munich^ in which silk ribbon was used instead of steel 
springs. Such balances possess the advantages of simplicity 
of construction and durability. Dut they are wanting in the 
sensibility and stability requisite for a good scientific balance. 

25. I ought not to omit to mention also the beautifully 
constructed automatic balances for testing with great accuracy 
the weight of gold coins, invented by Mr. ISTapier, and now 
used at the Bank of England and the Mints of many countries. 
Once set in motion, these balances continue to test the weight 
of sovereigns placed successively in one of the pans. If 
correct, the sovereign is thrust aside into a central drawer; 
if heavy, into a drawer on one side ; if light, into a drawer 
at the other side. A single man, or even a small boy only, is 
required to keep an upright cylinder supplied with coins to 
be tested. 

A most ingenious improvement upon these automatic 
balances has since been made by Mr. ITapier. He has added 
a contrivance by which every heavy sovereign is shifted to 
a second pan, where its weight is reduced to the correct 
^veight ; and then it also is thrust aside into the central 
drawer. 

26. Having thus fully described the construction of 
balances of precision, I come to the scientific methods of 
accurate weighing. 

The ordinary mode of commercial weighing, by putting the 
commodity to be weighed in one scale and weights in the other 
until an equilibirum is attained, is insufficient for scientific 
weighings, as the results are subject to errors arising from 
defects in the balance itself. To avoid any such errors and 
attain scientific precision in the results, a check is required, 
which is found in a system of double weighing, and in 
taking the mean result of a series of successive weighings. 

27. Two methods of double weighing are commonly used. 
One' method, known as Borda's and generally used in France, 
is that of substitution, or weighing separately two bodies to 
be compared against a counterpoise, by placing them succes- 
sively in the same pan, and thus ascertaining their difference 
in divisions of the index. The second method, known as 
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edge, and witli its plane surface normal to the axis of the 
beam. The obseryer is placed about 12 feet distant from the 
mirror, and views through a telescope the reflection in the 
mirror of a vertical graduated scale placed close to the tele- 
scope. The ray of light reflected from the miri'or and thrown 
upon the graduated scale serves to indicate with great 
exactness by its angular deviation the difference of the 
standard weights compared. The amount of difference is 
ascertained by reading off the reflected scale the highest and 
lo^vest numbers at the turning-points of the balance coinciding 
with a horizontal thread fixed in the telescope. 

21. As balances of precision are alone used for scientific 
weighings, it is not proposed now to enter upon the subject of 
the larger kind of multiplying balances, such as ]3latform 
weighing machines, where a unit weight is multiplied one 
hundred fold, as these are used for commercial purposes only. 
I may merely direct your attention to this model of a 
centesimal balance, exhibited ISTo. 382, in which the only 
principle involved is the most convenient modej'of extend- 
ing the length of the longer arm of the lever. It is, how- 
ever, worth your attention as a practical illustration of the 
mechanical power of the lever. 

22. The construction of balances of precision with knife- 
edges on agate or hard steel plane hearings, with contrivances 
for keeping them in position, is comparatively of recent date. 
The best balances were i3reviously constructed with knife- 
edges on curved bearings enclosed in steel boxes to prevent 
shifting. Curved bearings only are generally used for com- 
mercial balances. 

23. You see here two balances of precision of 

construction. . The first is a balance made by Troughton early 
in the present century, and formerly belonged to Sir James 
South. It has recently been purchased for the Standards 
Department. The beam is of wood, and it vibrates upon two 
steel resting on an agate plate. The pans are sus- 

pended from pins placed at equal distances from the middle 
of the line joining the two points which form the centre of 
motion, by means of thin cords passing over the ends of the 
beam. I propose to leave this balance to be seen in the 
Loan Exhibition. 

24. The second is a balance recently made for the Standards 
Department by Mr. Oertling from a design by Mr. Artingstall, 
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2^0. 178 in the Catologue. Its peculiarity is that thin elas- 
tic steel springs are used both for the centre of motion of the 
balance and for suspending the pans. It is similar in prin- 
ciple to a balance constructed by the late Dr. Steinheil of 
Munich, in which silk ribbon was used instead of steel 
springs. Such balances possess the advantages of simplicity 
of construction and durability. But they are wanting in the 
sensibility and stability requisite for a good scientific balance. 

25, I ought not to omit to mention also the beautifully 
constructed automatic balances for testing with great accuracy 
the weight of gold coins, invented by Mx, ]N"apier, and now 
used at the Bank of England and the Mints of many countries. 
Once set in motion, these balances continue to test the weight 
of sovereigns placed successively in one of the pans. If 
correct, the sovereign is thrust aside into a central drawer; 
if heavy, into a drawer on one side ; if light, into a drawer 
at the other side. A single man, or even a small boy only, is 
required to keep an upright cylinder supplied with coins to 
be tested. 

A most ingenious improvement upon these automatic 
balances has since been made by Mr. Napier. He has added 
a contrivance hy which every heavy sovereign is shifted to 
a second pan, where its weight is reduced to the correct 
weight ; and then it also is thrust aside into the central 
drawer. 

36. Having thus fully described the construction of 
balances of precision, I come to the scientific methods of 
accurate weighing. 

The ordinary mode of commercial weighing, by putting the 
commodity to be weighed in one scale and weights in the other 
until an equilibirum is attained, is insufS.cient for scientific 
weighings, as the results are subject to errors arising from 
defects in the balance itself. To avoid any such errors and 
attain scientific precision in the results, a check is required, 
which is found in a system of double weighing, and in 
taking the mean result of a series of successive weighings. 

37. Two methods of double weighing are commonly used. 
One method, known as Borda's and generally used in Erance, 
is that of substitution^ or weighing separately two bodies to 
be compared against a counterpoise, by placing them succes- 
sively in the same pan, and thus ascertaining their difference 
in divisions of the index. The second method, known as 
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Gauss’s, Ibut wliich. was first invented hj Le Pere Amyot, 
and is now more generally used in England and Germany, is 
that of alternation^ or first weighing the two bodies against 
each other, and then repeating the weighings after inter- 
changing the weights in the pans. By this second method, 
no counterpoise is required, and half the difierence between 
the two mean resting-points of the index pointer of the 
balance shows the difference of the weight of the two bodies 
in divisions of the scale. 

‘ As the value of a division is continually liable to variation 
according to the condition of the balance, the state of the 
atmosphere, the weight in the pans, &c., it is necessary, for 
attaining very accurate results, to determine the value of a 
division for each comparison. This is done by an additional 
weighing after a very small balance weight, the value of 
which is exactly knovm, has been added to one of the pans, 
so that its effect on the reading of the index scale may be 
ascertained. 

28. The most accurate mode generally adopted for noting 
the results of the oscillations of the balance by observing the 
movements of the pointer over the index scale, is as follows. 
We will first take it as illustrating Gauss's method ; 

In weighing two bodies A and B against each other, place 
A in the left-hand pan and B in the right-hand pan y, and 
set the balance in motion. The telescope should be previously 
adjusted to the index scale on the left-hand side of the 
balance, so as to enable the observer to see the effect of the 
weight of A against B. The first turn of the pointer is 
always to be disregarded, and the readings of the index scale 
at the next three turns are to be noted. Then stop the 
balance. The reading at the third turn of the pointer, and 
the mean of the two readings at the second and fourth 
turns, are taken as the extreme readings, or the highest and 
lowest, and their mean is the resting point of the balance. 
This constitutes one observation. 

The second observation, which completes one compaH&on^ is 
made by interchanging the two bodies A and B, by moving 
each to the other side of the balance, when similar readings 
are taken of the weight of B against A. As before stated, 
half the difference between the two resting points of the 
balance shows the difference of weight of the two bodies A 
and B in divisions of the scale. An additional weighing is 
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then taken, after adding a small balance weight to either pan, 
in order to ascertain the value of a division. 

In cases where great accuracy is required, any number of 
successive comparisons may be made in like maimer with the 
object of taking the mean result of them all. This coxirse 
not only lessens the probable error of the result, but is also 
a check against any accidental mistake, either in noting the 
readings or in the computations. It is important to make 
the weighing in as short a time as possible, so as to avoid 
the risk of discordances in the results arising from variations 
of temperature, of moisture in the air, or other causes j and 
it is better to take only two or three comparisons at a time, 
and to repeat them on subsequent days, taking the mean 
result of ail the comparisons. 

29. In weighing by Gauss's method, it is very desirable to be 
able to interchange the weights from one side of the balance 
to the other without opening the balance case, and thus to 
avoid the risk of changes of temperature of the air of the 
balance case, and consequent production of currents of air. For 
this purpose the plan is adopted of interchanging the pans as 
well as the weights, and it not only gives the advantage of 
avoiding the risk of injury to the weights by taking them 
up in the ordinary way with a pair of tongs, but is especially 
useful when either of the bodies weighed consists of several 
separate weights. The pans are readily interchanged by 
lifting each of them from its place at the end of the beam 
by means of a brass rod with a curved end introduced through 
a hole in the side of the balance case, and transferring it to a 
hook suspended from a brass slider made to move over and 
parallel to the beam. Thus each pan with its load is slid 
over and transferred to the other side of the balance, 

30. You will better understand the mode of interchanging 
the weights and pans used in Gauss’s method of weighing by 
a practical illustration. 

At the Standards Of5.ce we use printed forms for noting 
and recording the weighings, one of which I have brought 
you, filled up with the actual results of one of the compari- 
sons of the platinum-iridium Ih., designated as P-i., which I 
have already exhibited to you, with the Imperial Standard lb. 
of platinum, designated as PS. The following shows the 
mean results of five observations — 



First Comparisonof Platimmriridium 1 lb. (P-i), with thPlaiinum, Imperial Standardlh, (PS)', 21 Julp, 1874. 
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PS - 0*01057 gr. ill air, t = 19°*62, b = 755 '09 mm. at 0® C. 
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A similar mode of noting the weighings is pursued in a 
comparison Toy Bordaks method, when for the two observa- 
tions a counterpoise weight remains in the right-hand pan 
and the two bodies A and B are weighed successively 
against this counterpoise, the difference between A and B 
being shown in divisions of the index scale by the whole 
difference between the two resting points of the balance. 

31, It has been mathematically proved that Gauss’s 
method gives twice as accurate a result of a single observa- 
tion as Borda’s method. In fact, as the distance between 
the two positions of equilibrium, or resting points of the 
balance, serves to measure the diffej*ence between the two 
weights compared, and this distance is by Gauss’s method 
reduced to one half less than by Borda’s method, it is evident 
that the result of a single observation by Gauss’s method is 
twice as accurate as by Borda’s, and therefore, that one 
comparison by Gauss’s method gives as good a result as four 
comparisons by Borda’s method. In other words, the probable 
error of the result of a comparison by Borda’s method is four 
times as great as by Gauss’s method. 

32. The methods of weighings of which I have spoken 
give only the apparent difference of weight in air of the two 
bodies compared. In order to ascertain their true difference 
in weight it is necessary to allow for the weight of air 
displaced by each, — ^in other words, to reduce the weighings 
to a vacuum. 

The formula for this purpose is as follows : — 

If the weights A and B appear to be equal when weighed 
in air, then the weight of A — the weight of air displaced by 
A = weight of B — weight of air displaced by B. 

The justness of this mode of correction is obvious from the 
following considerations : — 

A body weighed in water weighs less than when weighed 
in air by the difference between the weight of water and 
weight of air displaced by its volume. In like manner a 
body weighed in air weighs less than when weighed in a 
vacuum by the weight of air which ifs volume displaces. It 
follows that, for instance, a brass weight, if it weighs exactly 
one pound in a vacuum, must when weighed in air weigh 
less than a pound by the weight of air that it displaces, and 
its true weight, when weighed in air, must consequently he 
found hy deducting the weight of air thus displaced. 
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33. But the weight of a given volume of air is necessarily 
greater or less according to the pressure of the atmosphere, 
the temperature of the air and other conditions affecting it. 

In comparing two standard wreights, the weight of air 
displaced hy each is computed from the following data ; — 
As regards the weight of air, 

(1.) The observed mean barometric pressure during the 
comparison, reduced to 32° E. and corrected^ by deducting 
the pressure of vapour and of carbonic acid gas in the air. 

(2.) The mean temperature of the air. 

As regards the volume of the standard weight displacing 
the air, 

(3.) The density of each weight. 

(4.) Their mean temperature and coefficient of cubic expan- 
sion. 

(5.) The actual weight of each standard. 

34. Prom data 1 and 2 the ratio of the density of the 
air to the maximum density of water must be ascertained. 
This ratio is also affected hy the latitude of the place where 
the comparisons are made, and its height in relation to the 
mean level of the sea, as the force of gravity differs accord- 
ingly, as I have before explained to you. For determining 
this ratio, tables have been prepared by Professor Miller, and 
are used ,at the Standards Office. They are printed in 
Appendix Y. to the Fifth Eeport of the Standards Commis- 
sion. These tables are also available at other places hy 
making a slight correction for difference of latitude and 
height in relation to sea level. They are based upon the 
weight of a litre of dry atmospheric air as deduced from 
M. Pegnault's observations at Paris, viz. ; 1*2932227 gramme 
at 0° C., in latitude 48° 50' 14", 60 metres above sea-level, 
with a barometric pressure of 760 millimetres of mercury; 
and assuming that atmospheric air contains on an average 
0*0004 of its volume of carbonic acid, and that the pres- 
sure of vapour in comparing rooms is on an average two- 
thirds of the maximum pressure due to the temperature, the 
density of the vapour of water being 0*623 of the density 
of air. 

35. As regards the other data, the first to be considered is 
the density of each weight. 

The density of a body is defined as the mass contained in 
its volume when referred to a uniform standard. Its density 
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is to he distinguislied from its speci^c gravity^ whicli sliows 
its weight in relation to its volnme, also when referred to a 
uniform standard. In shorter terms, — the density of a hody is 
the quantity of matter in a unit of its volume ; the specific 
gravity of a hody is the weight of a unit of its volume. The 
relation of the hulk or volume of a hody to its weight is thus 
expressed, hoth as to its density and its specific gravity, and 
these terms are often used indiscriminately. But the former 
term is more strictly applicable to solid bodies, and specific 
gravity to liquids and gases. The densities of bodies are in 
the direct ratio of their masses, and the inverse ratio of their 
volumes. 

The unit of density which is adopted is the volume of an 
equal hulk of distilled water at its maximum density, that is 
to say at the temperature of about 4:^ C., or 39° Fahr. The 
numerical value of the density of a hody is usually obtained 
by hydrostatic weighing, or weighing it in distilled water and 
comparing the weight of water displaced by it with its own 
ascertained weight in a vacuum. When no temperature is 
stated, it is generally understood that the numerical value 
assigned is that at 0° C., or 32° Fahr. 

The density of a body may also be determined from its 
cubic measurement in relation to its weight as compared with 
a weight of known density, where the form of the hody 
admits of the measurement being accurately made. But this 
is seldom practicable. 

As to No. 4 of the data, it is evident that the density of 
each weight varies according to its temperature and rate of 
expansion, and that these influences must he allowed for 
in determining its mean, volume, in order to ascertain the 
volume of air displaced by it during the comparisons. 

36. The actual mode of computing the weight in grains of 
air displaced by a standard weight is by adding the logarithms 
of the following terms : — 

(1.) Of the barometric pressure in millimetres, deducting the 
pressure of vapour in the air, in millimetres of mercury, 

(2.) Of the ratio of density of the air at the observed Centi- 
grade temperature to the maximum density of water. 

(3.) Of the ratio of the density of the weight at 0° C. to its 
density at the observed temperature and its ascertained rate 
of expansion. 

(4.) Of the weight of the standard in grains. 
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An d by deducting from the sum the logarithm 
(5.) Of the ratio of the density of the standard at 0*=^ C. to 
the maximum density of water. 

The logarithms of terms 1, 2, and 4 are readily obtained 
from the printed tables used by the Standards Department, 
which are those used by Professor Miller, and described by 
him in his account of the construction of the imperial 
standard pound in Phil. Trans. 1856, Part III. p. 784. 

Of com’se, in comparing two standard weights of equal 
density, or where no special scientific accuracy is required, 
their apparent relative weight in air may be taken as their 
true relative weight. This, however, will not give their 
true or absolute weight, which is their weight in a vacuum, 
unless the exact weight of air displaced by them is ascer- 
tained. 

37. The time allotted to this lecture does not allow me to 
explain more fully the mode of computing the weight of air 
displaced by a standard weight. But a sufficient idea of the 
effect of the difference of density in standard weights com- 
posed of different materials may be given from the following 
table of the weight of air displaced by 1 lb. avoirdupois 
weights differing in density. It may be seen that the weight 
of air displaced is in an inverse ratio to the density : — 

Table of the Weight of Standard Air (t = 62° P., b = 30 
inches) displaced by 1 lb. avoirdupois* weights differing in 
density : — 


Description of 1 lb. weights. 

Density 
at 0° 0. 

"Weight of 
air 

displaced. 

Imperial Standard — Platinum .... 
Copy of ditto Platinum-iridium . ; 

Ditto Gilt Bronze; , . . i 

Commercial Standard of Brass .... 

Ordinary Cast Iron 

Copy of Imperial Standard — Quartz . . 

Ditto Glass . . . 

21*157 

21*425 

8*283. 

8*143 

7*327 

2*650 

2*505 

0*403 gr,< 
0*398 
1*029 
1*047 
^ 1*377 

3*217 
3*385 


38. You may now see a practical illustration of the effect 
of the difference of density in weights. Here are three 1 lb. 
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i\5oirdupois iron weights, of the same apparent bulk. But 
one only is a just weight. The second and third are 
fraudulent weights seized from itinerant dealers ; they 
have had their insides bored out, and filled with matter of 
less density, — one with cork blackened at the bottom, 
the other containing only air. The result is that the first 
weighs exactly 1 lb. or 16 oz., the second 7f oz., and the 
third oz. 

39. The work of computing the weight of air displaced by 
standard weights compared is to be avoided by weighing them 
in a balance placed in a vacuum. The vacuum balance of 
the Standards is a large and costly instrument of high scientific 
character, and could not well be moved to this Loan Exhibi- 
tion. I have here a drawing of it and a full description 
as shown in Appendix VIII. to my Seventh Annual Eeport. 
But the small Mendeleef balance is, as I have already stated, 
intended to be made available as a vacuum balance; and 
although it is a new and untried instrument, we have en- 
deavoured to get it sufficiently ready to show you the action 
of a vacuum balance. The bell- shaped cover of the balance, 
which you now see, is merely a temporary one. It is far 
too large, and it is proposed to have one of a different form, 
and made as close as possible to the balance. 

40. A further practical illustration of the effect of the 
density of a weight when compared with another weight of 
different density will now be exhibited to you, by comparing 
first in air and then in a vacuum; or something near it," the 
platinum-iridium lb. P-i, with the quartz standard lb. of the 
Standards Department, designated as Q. 

P-i was intended to be of the true weight of 1 lb. in a 
vacuum. Its actual weight in a vacuum, as deduced from 
the mean result of all the comparisons with PS, has been 
determined to be 0*01691 gr. in deficiency, and, as already 
shown, it displaces nearly 0*4 gx. of standard air. Its 
apparent weight in air is therefore about 0*4 gr, less than 
its weight in a vacuum. 

Q was constructed to be as nearly as possible of the 
weight of a brass lb. in air. The commercial standard lb. of 
brass, which is a theoretical lb. of the average density of 
brass, displaces a little more than 1 gr. of standard air, 
whilst Q displaces a little more than 3*2 gr. Q was there- 
fore constructed to be in a vacuum about 2*2 gr. heavier 



Fig 3.— Vacuum Balance of Standards Department. 
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than the imperial standard Ih. It is actually 2*368 gr. in 
excess. Its apparent weight in air is therefore about 0-8 gr. 
(3-217 — 2*368) less than lib., whilst that of Pd is 0*4 gr. 
less. 

To produce an equilibrium in air a weight of about 0*4 
gr. should then be added to Q ; and if, after the weigh- 
ing in air, this added weight is left in the pan with Q, a 
weight of a little less than 2*8 gr. (2*368 -h 0*4) should 
be added to P-i, in order to produce an equilibrium in a 
vacuum. 

You may now see these two standard lbs. compared in 
air in the Mendeleef balance, and it takes nearly four-tenths 
of a grain, actually 0*35 gr. added to the quartz lb. to produce 
an equilibrium. 

We will next exhaust the air from the receiver in which 
the balance is placed, so far as our means will readily allow, 
to show you the effect of withdrawing the air upon the 
difference of the two weights. If a perfect vacuum could he 
produced, and the thermometer and barometer had previously 
stood at the normal heights, it would be necessary, as I 
have stated, to add about 2*8 gr. to the platinum-iridium 
lb. to produce an equilibrium. But of course any differ- 
ence from the normal temperature and barometric pressure 
must cause a slight variation in this amount of difference, 
as you have seen to have been the case in the weighing 
in air. 

Before exhausting the air, we will then add somewhat less 
than 2*8 gr. to the platinum-iridium lb., in order that an equili- 
brium may be produced without going so far as an actual 
vacuum. There is a vacuum gauge in connection with the 
air-pump which shows a range of 4 inches of atmospheric 
pressure, and by adding a weight of 2*5 gr. we ought to 
produce an equilibrium with a pressure of about 4 inches 
of air. (^This result was shown,) 

41. In conclusion, I may mention to you that our collection 
of balances at the Standards Office, 7, Old Palace Yard, is 
well worth a visit. In particular, there is the large balance 
which was constructed for Captain Kater for verifying the 
imperial bushel by weighing its contents of distilled water, 
and which has been reconstructed by Mr. Oertling. The 
beam is of mahogany, 7 0 in. long, 2|- in. thick, and 20 in. 
deep in the middle. The central knife-edge is placed at half 
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of the depth. The whole balance is inclosed in a case of plate 
glass. 

There is also the large Yacnnm balance, constructed by* Mr. 
Oertling from a design of Professor Miller, with contrivances 
for changing the pans and weights, and putting in or taking 
out small balance-weights from either of the pans ; together 
with a large collection of other scientific instruments, all of 
which will be readily exhibited to you at any time that may 
be appointed. 



GEOMETRICAL AND ENGINEERING DRAWING. 

BY PROFESSOR T. P. PIGOT. 

In the two lectures whicli I am aboat to deliver, I shall 
confine myself as much as possible to an explanation of the 
apparatus contained in this collection. In the teaching 
of geometrical drawing, large recourse should be had to 
models, and there is a fin© collection in this exhibition, 
which will be, in part, the subject of the present lecture. 
The knowledge required by civil engineers for drawing 
diagrams and designs of various kinds is of great extent, 
embracing the many distinct branches into which civil 
engineering is divided. Of these I may enumerate canals, 
rivers, roads, I'ailways, bridge construction (including 
strength of materials), hydraulic engineering, harbours, 
lighthouses, and finally, surveying, which is required for 
all these purposes. This last, I understand, will b© dealt 
with in another lecture, so that I have no further reference 
to make to it. 

It so happens that this exhibition, large as it is, is 
singularly deficient in good models connected with the 
subjects I have enumerated, except in the one ease of 
lighthouses ; and I have, therefore, selected the subject of 
lighthouse illumination for my second lecture. It is true 
that thex’e are, scattered up and down through this 
enormous collection, very many objects bearing on engi- 
neering, such, for instance, as Mr. Clark’s hydraulic canal 
lift, which I believe is her© ; a fine collection of rain-gauges, 
wind-gauges, and current meters, besides a vast number of 
drawings and models of steam-engines, and other machinery.. 
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But on no subject o£ civil engineering is there any complete 
series of models except the one I have alluded to. 

I shall now call your attention to the collection of 
drawing instruments, which are, as you see, principally of 
the ordinary mechanical construction ; but there are a few 
other instruments which I shall bi'iefly explain. Before 
I do so, I think I should remind you — especially those of 
you who are students in drawing — of the absolute necessity 
for good instruments. Without them it is impossible to 
acquire real neatness of execution ; and I have generally 
found that the use of inferior instruments leads beginners, 
at least into habits of slovenly execution, and in all cases 
greatly retards their advancement. Among the cases of 
ordinary instruments I have selected some boxes of English 
and some of foreign makers. These which I have before 
me are exhibited by Mr. Stanley, and with most of them 
you are familiar. Among the foreign makers Tacher has 
sent a very good collection. Besides these instruments in 
cases there are a variety for special pui’poses. Here are, on 
a board, some of Stanley's protractors. First there is the 
ordinary protractor, which, as you know, is used for setting 
off angles in all kinds of drawing, more especially for 
surveying, where it is necessary "that these angles should 
be very carefully measured. Here is one of a peculiar 
kind, with three arms, commonly called a station pointer, 
for fixing the position of a point from three given points. 
Two of the arms are fitted with verniers for obtaining very 
accurate angles. In delicate work, such as laying down 
a long base line, a protractor is not sufficiently accu- 
rate, and recourse is had to other methods of laying 
down angles, as for instance setting out tangents with 
the assistance of a table of logarithms. There are some 
other special instruments, such as the pantograph, the 
eidograph, the elliptograph, the conchoidograph, and heli- 
eograph, an instrument for drawing spirals. This latter 
is a very elegant instrument, and might be used for 
drawing Ionic columns. There is a little wheel in the 
centre, which may be set to any required degree of 
obliquity, and when thus slightly turned to one side it 
forces round by a rack motion the whole instrument, 
which is only fixed at one point, and gradually the tracing 
point recedes from the centre, describing the spiral. 
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Lastly, I may mention another very beautiful instrument, 
although one not of much practical use for engineering 
]Durposes. It is what is called the geometrical pen. There 
are a great variety of figures on the board on which it 
is placed, which can be ti-aced by it ; but they are all 
nothing more than either circles, cycloids, epicycloids, 
or the combination of one with the other ; the whole 
apparatus depends on these three wheels, which are 
convertible. According as you shift this point and as 
you change the size of the wheels, of which you see a 
great number here, you can produce any of these curves 
you choose. 

hTow, although I have mentioned these instruments, 
every draughtsman should be familiar with the curves 
which they are arranged to draw, so as to be able to draw 
them at points of his work where it would be utterly 
impossible to use these geometrical instruments, and in 
any case no instrument, however perfect, will supply a 
knowledge of freehand drawing ; for almost every archi- 
tecbural or engineering drawing contains some portions 
which cannot be executed with the compasses or with 
ordinai'y drawing pens or instruments, and for which 
recourse must be had to the common pen. There are two 
instruments with which I have no doubt you are familiar 
— some of the oldest and best known, and which are really 
of great use. They are both intended for enlarging or 
diminishing drawings. One is called the eidograph, and 
its intention is to enlarge or copy plans. You see here 
two plans, one large and one small, the small one being 
diminished from the original by the eidograph. This consists 
of two bars, which are rigidly parallel, retained in their 
places by two steel bands. At this point there is the 
instrument for tracing, and here is the point round which 
the whole instrument can rotate. Here is a rod which 
simply keeps the instrument in its place : and at the 
other end is the pointer or tracer. The stylet, fulcrum, 
and tracing-point are all in a straight line, and the dis- 
tances of the tracing-point and stylet from the fulcrum 
are in the ratio you wish to have your drawing reduced or 
enlarged. Then here is another instrument, called the 
pantograph, of which there are several in the exhibition, 
and which would serve the same purpose as the eidograph. 
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No doubt you are familiar with its principle, which is 
described in every book treating of drawing. 

There is one pantograph down stairs to which I would 
call your attention. It is fixed upon a vertical pillar, and 
under it is a table upon which it moves. It is intended for 
etching and engraving, 

I had intended explaining another instrument, the 
planimeter, which is used in surveying, but as there will 
be a special lecture on that subject, I have no doubt it will 
be fully explained to you then. 

Before commencing to describe the geometrical models I 
shall say a word about geometrical drawing and descriptive 
geometry, in order to impress upon you their use, and 
almost their necessity, for engineering purposes. I need 
not tell those who are present, that draughtsmen are daily 
becoming more and more wanted, and that it is, besides, 
daily easier to obtain the services of foreigners ; and thus 
it becomes the more essential that, we, in these countries, 
should learn earlier the subjects that boys abroad, especi- 
ally in Germany, are perfectly familiar with. Descriptive 
geometry, which may be called the theoretical part of 
drawing, enables us to draw plane figures, surfaces, and 
solids with their intersections, many of which would be 
very difficult to represent without its aid. Besides there 
are its various applications, of which I may enumerate, 
first, what is called by the Yrench plans cotes, ov in English 

figured heights,’’ which is the representation of solids on 
one plane only, the figured heights which are marked on the 
plan showing the elevation of the various parts. The most 
important part of this subject is what we call Contouring, 
which you are no doubt familiar with. By this means, using 
Avhat are called figux'ed heights’’ on the plan, you can 
delineate with accuracy any particular section of a country. 
The next application I should mention is that of shadows, 
or shading, and next comes perspective. 

Besides there is a subject which we rarely treat of here — 
what is called gnomonics, or the construction of sun-dials. 
It was long considered of great importance, and is 
still largely used on the Continent. 

Then comes stone-cutting, by which the true sui*faces to 
which the stones are to be worked for architectural 
purposes are determined, and templates constructed for 
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the -workmen. Then carpentry, which includes the 
accurate delineation of joints, mortices, wooden staircases, 
roofs, &G. Last of all I may mention isometric projection, 
although, in truth, that is nothing more than an example 
of descriptive geometry. It is, however, quite possible 
to learn stone-cutting, and one or two other branches, 
without knowing anything of descriptive geometry. If all 
these various branches of drawing are thoroughly mastered, 
it becomes very easy to apply them to any engineering 
designs. However complicated, their execution is then a 
mere matter of time and practice, though without some 
fundamental notion of descriptive geometry, draughtsmen 
have often to struggle against difficulties of execution, 
which they could have resolved without any trouble by a 
little previous study of this most useful subject. 

I shall now proceed briefly to explain a few of the 
models and instruments before us. There is on the wall a 
series of diagrams, or rather a small number of the sexdes, 
which I shall briefly explain. They were published by 
the Trench Government for the elementary schools in 
Trance, and are more especially used in Paris, where the 
Freres de la doctrine Chretienne have the charge of the 
primary schools. We have here also a series of plaster 
models, one or two of which are on the table. The dia- 
grams are divided into two parts : one of them treats of 
pure geometry, and contains examples of lines perpendicular 
to and forming angles with each other, polygons, circles, 
ellipses, and so forth. ISText come a few more difficult 
examples, such as prisms, pyramids, and a few little 
examples of machines, such as nuts, thumb-screws, &c. 
Then, lastly, come a few instances of architectural draw- 
ing. Examples of all of these are given, so as to enable 
the beginner to understand at once the use of plan, eleva- 
tion, and section. All that I have referred to is supposed 
to be taught in one year. In the second year comes this 
second portion, of which there are but a few examples 
here. In that yeai' the student is taught — first, shading ; 
and here are some examples, showing the theoretical draw- 
ing of the shadows of various bodies. Then a selection 
of stone-cutting, which is a more important subject, and to; 
one example I would ask yom: attention, because we have[ 
before us a model made from it. The students, as they^ 

VOIi. II., G ' 
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draw tliGse, make tke models themselves. For instance, 
one figure is what is called a Marseilles arch, and 
here is a model in exactly the same form, cut out in 
plaster ; in fact, it is executed by the students from the 
drawing. There ax'e several other examples of the same 
kind. Here, again, is a drawing in perspective of a groined 
arch, and a model made of it, by the students, showing 
how admirably they are taught. There are, besides, a 
variety of other examples, so that by the end of the 
second year the student becomes perfectly familiar with 
all this class of drawing. 

We should remember, with regard to perspective, that in 
these countries it is, no doubt, taught in its truest 
manner, but it is rather complicated — ^it is given its 
fullest development — whereas in these schools in France, 
there is a very simple system of perspective taught, based 
upon Descriptive Geometry, and known as that of Monge, 
one of the founders of the Pol37teehnic School in France. 
Although it is hardly necessary to explain this method to 
you, still, as it is an excellent way of teaching beginners, I 
will say one word upon it. You draw a ground line, X Y, 
and a line perpendicular to it, supposed to represent 
the picture plane. Xow, let an object, say a cube, be 
standing on the ground, and assume S, S' as the position of 
the observer’s eye. By drawing lines from S and S' to the 
plan and elevation of the cube, and determining their 
intersections with the picture plane, we obtain, rotating 
this last in plan round o, the true perspective of the cube, 
the sight point being opposite the point S". The vanishing 
points are similaidy detei'mined, if necessary. 

Now, to i-eturn to the collection of models before us. 
The Loan Exhibition contains no models whatever of 
pure descriptive geometry ; and as it is vex'y often 
difficult to render the position of lines and planes in 
space apparent to the minds of beginners, I have found 
a small collection, which I bought in Pains some years 
ago, very convenient for this purpose. It is of a vex'y 
simple kind, made by Bouvet, of the Quai de THoxfioge. 
There is a book pretty well known by those who have 
studied this subject, called Lefehure de Fotcrcy's Blementari/ 
Treatise on Descriptive Geometry^ which is one of the best 
of its kind ,* and this collection of models is made to 



GEOMETRICAL ANB ENGINEERING BRA WING. 83 

demonstrate the early problems of that work. These 
hoards represent the horizontal and vertical planes, and 
the strings represent the lines in space. Then there are 
lines drawn on the boards themselves, which are the 
projections of these lines ; so that with a very little 
trouble the student can determine at once the meaning of 
the traces of planes, the traces and projections of lines. 
There is here also a very convenient little apparatus 
intended to explain plan and elevation, and also a means 
of obtaining a second elevation. All these are obtained at 
small cost, and certainly serve as a good commencement to 
this study. I should mention that De Pourcy's woi’k has 
been partly translated in Weale's series, and also by Hall ; 
I think it is the very best elementary work on descriptive 
geometry. 

There is another point with respect to descriptive 
geometry to which I must advert, and that is that 
the student of analytical geometry is greatly helped by 
a knowledge of it. For instance, if you are given the 
equation of lines or planes in space, you can always draw 
them by laying down co-ordinate planes and a ground 
line. 

But as time presses I must hurry on to this beautiful 
series of models made by M. Fabre de Lagrange, from 
M. Ollivier’s lectures, which belong to the South Kensington 
Museum. These models, although numerous individually, 
ai'e not very numerous in class. They are all what are 
called ruled surfaces. I should perhaps recall to your 
minds what the ruled surface is. It is the term applied 
to every surface, whether twisted or developable, which 
is described by the movement of a right line in space, so 
that at every point in such a surface a ruler may be so 
placed as to be on the surface itself in all its length. In 
general, there are two systems of construction; so that 
not only can you lay the i'uler on the surface in one direc- 
tion, but in two. These models contain a little more than 
the ordinary ruled surfaces, because there are some inter- 
sections as well. I will take a few of the examples. The 
first one is what is generally termed a twisted plane. It 
is the hyperbolic paraboloid, and is engendered by a line 
sliding along two other lines, not in the same plane, and 
remaining constantly parallel to a given plane. These 

G 2 
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models are beautifully arranged. You can shift them so 
as to change the direction of the generating lines. During 
the movement in this particular model, the length of the 
generating lines never varies. I say this particular model, 
because we shall see that is not the case with the 
others. 

Here is a very pretty model of a surface. If you come 
to examine it, you will hnd it similar to the last. You 
have here a directing line in brass, and here another, and 
these silk generating lines are kept constantly parallel to 
a directing plane, while remaining in contact with the 
directing lines, so that the surface is the twisted plane. 
Below you will see a little net- work, showing the difierence 
between such a surface as this and its horizontal projec- 
tion ; and you will see also a set of little brass rings giving 
peculiar intersections which give the name to the surface. 
Of this class there are several. 

Hitherto the lengths of the thi'eads representing gener- 
ating lines do not vary, but in some of them the lengths vary, 
and there is a beautiful arrangement made for the purpose. 
This is a model intended to show the curve foi'med by 
the intersection of two cones. In this, and most of the 
models, when the figure is altei'ed by shifting the brasses, 
the lengths of the generating lines alter as well. And in 
order to effect this, there are boxes below which contain 
little weights : these are attached one to each of the 
threads which represent generating lines ; and these fall 
lower or rise higher in the boxes according as the curvature 
alters. 

There is another very interesting class of surfaces 
described here — namely, the conoids. This form of conoid 
now before you is used for arches. The line which describes 
the surface, while always in contact with the dii'eeting 
curve and line, remains horizontal. 

Her© is a vei'y pretty instance of the change of a 
conoid into another figure. As at present placed, all the 
genei-ating lines remain in contact with this straight line, 
and emerge again here, producing a similar conoid in an 
opposite direction ; but letting go this string, and turning 
the brass ring round, the figure becomes a cylinder. If it 
wei'e turned the other way it would become a cone. 

To render this series complete and clear, these models 
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I'eqmre casts to indicate what they are intended to he, and 
I will show you a series of these casts, not made from 
these models, but which answer the same purpose. 

This model represents the intersection of a cylinder by a 
plane. The yellow lines represent the plane. The simplest 
way in which a plane is engendered is by a line moving 
between two parallel lines. The cylinder is produced 
by a line moving round a curve and remaining parallel 
to its initial position. You may take any section of the 
cylinder you please by shifting this long bar. When 
you come to have the plane pei'pendicular to all the 
generating lines of the cylindei', you have what is called 
the right section of the cylinder, which in this case would 
be an ellipse. 

I have here a very beautiful illustration of the inter- 
section of two ‘cylinders. You may have already seen it 
in another form. It is nothing more than a groined arch, 
and the curve of intersection between these two is the 
groin of the arch. In this next example of two cylinders, 
the groin would be what is called a waving groin. These 
intersections occur often in architecture. This figure, 
again, can be modified by changing the position of the two 
ends. These little rings show the form of intersection 
of the two surfaces. 

The next model is composed of a series of lines, which 
are constantly in contact with two curves, one above and 
one below. A more ordinary and more useful form of this 
surface is when the two curves are identical or similar. 
You will see, as I turn this button, how the figure 
changes. 

If I turn the upper curve round thus, so that these 
generating lines tend to meet at an imaginary point above 
the model, you have a cone j as I turn it round further we 
come to the hyperboloid of revolution ; and lastly, as I 
turn still further, all the points come together at this point, 
and we have again a cone. 

This next model is that of the hyperboloid of revolution 
of one sheet. It is a very useful figure, for it is bne 
employed for making the teeth of skew-hevel wheels. 

Here is another example of the hyperboloid. It is 
composed of two series of coloured lines — one red, and 
another green, inclined equally and in opposite directions, 
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giving an illustration of tlie two methods of generation 
of the surface. 

The next figure will at first appear strange ; but, 
if you examine it, you will see it is exactly similar to 
the first one I showed you. It is a hyperbolic paraboloid 
tangent to a twisted surface. At the same time you will 
see here a plane tangent to the same surface, showing the 
relation between a plane tangent and a hyperbolic para- 
boloid tangent. I should remind you that plane tangents 
are not necessarily tangents to the whole surface. You 
will see that the plane tangent cuts right through the 
surface ; but the hyperbolic paraboloid is a complete 
tangent to the surface considered. 

These figures are called of one sheet or of two sheets, 
according as they are of one or two parts. This is called 
a hyperboloid of one sheet. Supposing you make the 
hyperbola which I here describe on the board rotate imund 
its vertical axis thus, you will have the hyperboloid of one 
sheet ; if, on the contrary, you make it rotate round the 
horizontal axis, you will have two complete surfaces of 
revolution, or a hyperboloid of two sheets. 

Besides these figures, there is another very pretty 
model of intersection I have to draw your attention to. 
Beginners are very apt to confuse the various intersections 
of cylinders and cones ; and here are two very beautiful 
examples of the intersection of two cylinders ; one where 
there is but one intersection, and one where one cylinder 
passes right through another. There are then two intersec- 
tions. Again these other models are very interesting, showing 
the change from the plane to the hyperbolic paraboloid. 
A brief way of describing the paraboloid of one sheet is, 
that it is a figure described by the sliding contact of a line 
upon three others, no two of which are in the same plane, 
and with which it remains constantly in contact. 

These next figures are cylinders with cones inside them, 
and by a simple rotation you change the cone into a 
cylinder, and the cylinder into the hyperboloid of one 
sheet. 

In conclusion. Prof. Osborne Beynolds exhibits some excel- 
lent folding models, showing the traces and the intersections 
of planes by difierent coloured lines. Without some such 
models as these befoi^e you, it would be almost imj)ossiblo 
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to teach this subject clearly. I have always found it is the 
elementary portion of descriptive geometry which really 
is hard for beginners to understand ; but once that is 
passed there is little difficulty. The real object of learning 
descriptive geometry is to study designing ; and I thought 
it as well, in putting together all these models, to add 
besides a few examples of German and other models of 
surfaces, illustrating those last mentioned, in plaster of 
Paris. All these are simple intersections of cylinders, 
prisms, cones, and some of these peculiar surfaces with 
their generating lines upon them. As you see them 
there, so they occur in space ; but once the student has 
learned these in his elementary course, he should think 
no more of them, except to be able to apply them when 
required. Unfortunately, in my experience of a good 
many years spent in teaching these subjects, I have found 
students are extremely backward in understanding descrip- 
tive geometry, and I should impress upon you that it is 
absolutely essential, not only to know some plane geometry, 
but to know also a good deal of solid, and some analytical 
geometry. 



THE LAWS OF FLUID RESISTANCE. 

BY W. FROUDE, ESQ., EL.D., F.R.S. 

I PROPOSE to consider those principles of fluid motion wliicL 
influence what is termed the ^‘resistance’* of ships. By the 
term resistance, I mean the opposing force which a ship ex- 
periences in its progress through the water. Considering 
how great an expenditure, whether of sail or steam power, is 
involved in overcoming this resistance, it is clearly most 
important that its causes should be correctly appreciated. 

This subject is a branch of the general question of the 
forces which act on a body moving through a fluid, and has 
within a comparatively recent period been placed in an 
entirely new light by what is commonly called the theory 
of stream-lines. 

This theory as a whole involves mathematics of the highest 
order, reaching alike beyond my ken and- my purpose ; but 
so far as we shall have to employ it here, in considering 
the question of the resistance of ships, its principles are 
perfectly simple and are easily understood without the help 
of technical mathematics ; and I will endeavour to explain 
the course which I have myself found most conducive to its 
apprehension. 

In order, however, to show you clearly w-hat light the 
theory of stream -lines has thrown on the question, I must 
first describe the old method of treating it, which is cer- 
tainly at first sight the most natural one, and we shall thus 
see what germs of truth that method contained, and how 
far these were developed into false conclusions. 
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It is a crude but instinctive idea, that the resistance 
experienced either by a ship or by a submarine body, such 
as a fish, moving through water, is due to the necessity 
of the body ploughing or forcing or cleaving a passage for 
itself through the water; that it has to drive the water 
out of its way and then to draw it in again after itself. 

When, however,^ an attempt was made to deal with the 
matter in a scientific manner, it was seen that an explana- 
tion was needed of how it was that water required force to 
move it out of the way. For it may naturally be asked, 
How can there be reaction or resistance in a perfectly 
mobile material such as water seems to be ? We can under- 
stand earth, for instance, resisting a ploughshare dragged 
through it, and we can understand that even a perfectly 
thin fiat plane would make resistance if dragged edgeways 
through a sea of sand, or even through a sea of liquid mud, 
owing to the friction against its sides. But water appears, 
at first sight, altogether unlike this, and seems totally 
indiiSerent to change of form of any kind. If we stir water, 
the different currents seem to fiow freely past one another, 
as if they would go on flowing almost for ever without 
stopping. But we find, that although to push a thin oar 
blade through the water edgeways seems to require no 
force, yet, if we push it flatways, as in rowing, it offers a 
considerable reaction. The distinction, then, which sug- 
gests itself is that the particles of w^ater, although they 
offer no resistance to anything merely sliding past them, 
offer great resistance to anything pushing against them, 
because the thing which is pushing against them sets them 
in motion out of its way, and to set anything heavy in 
motion requires the exertion of force to overcome what is 
called its inertia. 

This, then, appears prima facie to be the characteristic 
of water, that to set the particles in motion, or what is the 
same thing, to divert them from a straight path, requires 
force to overcome their inertia, although, when once set in 
motion, they are able to glide freely past one another, 
or past a smooth surface. This supposition embodies the 
natural conception of a fluid, and if it were absolutely 
exemplified in water, then water would be what we should 
call a perfectly frictionless fluid. 

Now, though water is not absolutely frictionless, yet it 
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is true tliat in many of tlie more familiar ways of handling' 
it, the forces developed by its slight frictional qualities are 
small compared to those dne to its inertia, and it is there- 
fore not sTirprising that those who theorised on the resist- 
ance of ships thought it quite accurate enough to treat of 
the efEect of the inertia only, and to neglect the compara- 
+ively small frictional qualities. 

^ 


Fig 1. — Elevation. Cross Section. 


It was assumed, then, for the purposes of calculation, that 
the fluid, being frictionless, would oifer no resistance to a 
perfectly thin, flat, smooth plane, such as that shown in 
Kg. 1, moving edgeways through it, since this would in no 
way tend to set its particles in motion. But it is obvioxis 
that a ship, or fish, or other body, such as that shown in 
Fig. 2, moving through the water, has to be continually 
setting the particles of water in motion, in order, first to 



Fig. 2. — Eltsvation. Cross Section 


get them out of its way, and afterwards to close them 
together again behind it, and that the inertia of the particles 
thus set in motion will supply forces reacting against the 
surface of the body. And it seemed certain, at first sight, 
that these reactions or forces on the surface of the body 
would necessarily so arrange themselves as to constitute 
resistance. 



TMJjl LAWS OF FLUID RFSISTANCE, 


91 


On this view, various formulae were constructed by 
mathematicians to estimate these reactions, and to count 
up the sum total of resistance which they would cause to a 
ship or moving body of any given form. These formulae 
were not all alike, but they were mostly based on the sup- 
position that the entire forward part of the body had to 
exert pressure to give the particles motion outwards, and 
that the entire afterpart had to exert suction to give them 
motion inwards, and that there was, in fact, what is termed 
plus pressure throughout the head-end of the body, and 
minus pressure or partial vacuum throughout the tail-end. 
And as it seemed that the number of particles which would 
have to be thus dealt with would depend on the area of 
maximum cross section of the body, or area of ship^s way, 
as it was sometimes termed, the resistance was supposed to 
bear an essential proportion to the midship section of the 
ship. This idea has sometimes been emphatically embodied 
in the proposition that the work a ship has to do in per- 
forming a given voyage is to excavate in the surface of the 
sea, from port to port, a canal, the cross section of which is 
the same as the midship section of the ship. 

This theory of resistance was at first sight natural and 
reasonable ; it was generally admitted foi* many years to 
be the only practicable theory, and was embodied in all the 
most approved text-books on hydraulics and naval architec- 
ture. But when the theory of stream-lines was brought to 
bear upon the question, then it was discovered that the 
reactions, which the inei-tia of the fluid would cause against 
the surface of the body moving through it, and which were 
supposed to constitute the resistance, arranged themselves 
in a totally different manner from what had previously been 
supposed, and that, therefore, the old way of estimating 
their total effect upon the ship was fundamentally wrong. 
How wrong, I can best tell you by stating that according 
to the theory of stream-lines a submerged body, such as a 
fish, for example, moving at a steady speed thz'ough the 
assumed frictionless fluid, would experience no resistance 
at all. In^ fact, when once put in motion it would go on 
for ever without stopping. 

The revelation, then, which was brought about by the 
application of the stream-line theory to the question, 
amounted to this, that the approved formulae for esti- 
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mating the resistance of bodies moving throngh water were 
not only wrong in detail, but that the supposed cause of 
resistance, with -v^hich alone they professed to be dealing, 
was in ideality no cause at all ; and that the real cause of 
resistance, whatever it might be, was entirely left out. 

It is easy to imagine how fruitful, in false aims and false 
pi*inciples of nautical construction, would be the assignment 
of the resistance of ships to a supposed cause which has no 
existence at all. And the old theory, though now discarded 
by scientific men, has obtained such a hold on the minds of 
the general public, that I hope you will excuse my devoting 
considerable space to its refutation, 

I will now briefly sketch an elementary view of the 
stream-line theory so far as it is relevant to our present 
purpose. Let it be understood that I am still dealing only 
with the supposed frictionless fluid ; that for reasons which 
will hereafter appear, I am dealing not with a ship at the 
surface, but with a submerged body ; and that I am sup- 
posing it to be travelling at a steady speed in a straight 
line. I am going to prove to you that under these circum- 
stances the inertia of the fluid which has to be set in motion 
to make way for the body, will cause no resistance to it. 
Not that such inertia will cause no pressures and suctions 
acting upon the surface of the body * far from it ; but that 
the pressures and suctions so caused must necessarily so 
arrange themselves, that the backward forces caused to the 
body on some parts of its surface will be neutralised by the 
forward forces caused on other pai'ts. In efi'ect, although 
the inertia of the fluid resists certain portions of the body, 
it propels the other portions of the body with a precisely 
equal force. 

In showing how this comes about, I prefer to substitute 
for the submerged body moving through a stationary ocean 
of fluid, the plainly equivalent conception of a stationary 
submerged body surrounded by a moving ocean of fluid. 
The proposition that such a body will experience no total 
endways push from the fluid flowing past it arises fi*om a 
general principle of fluid motion, which I shall presently 
put before you in detail, namely, that to cause a frictionless 
fluid to change its condition of flow in .any manner what- 
ever, and ultimately to return to its original condition of 
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flow, does not require, nay, does not admit o£, tlie expendi- 
ture o£ any power ; whether the fluid be caused to flow in 
a cui-ved path, as it must do in order to get round a 
stationary body which stands in its way ; or to flow with 
altered speed, as it must do in order to get through the 
local contraction of channel which the presence of the 
stationary body practically creates. Power, it may indeed 
be said, is being expended, and force exerted to communi- 
cate certain motions to the fluid ; but that same power is 
also being given back, and the force counterbalanced, 
where the fluid is yielding up the motion which has 
been communicated to it, and is returning to its original 
condition. 

In commencement, I will illustrate these two actions 
by considering the behaviour of fluid flowing through 
variously- shaped pipes ; and I will begin with a very 
simple instance, which I will treat in some detail, and 



which will serve to show the nature of the argument I am 
about to submit to you. 

Suppose a rigid pipe of uniform sectional area, of the 
form shown in Pig. 3, something like the form of the 
water-line of a vessel. 

The portions A B, BO, CD, D E are supposed to be 
equal in length, and of the same curvature, the pipe ter- 
minating at E in exactly the same straight line in which it 
commenced at A, so that its figure is perfectly symmetric 
on either side of 0, the middle point of its length. 

Let us now assume that the pipe has a stream of friction- 
less fluid running through it from A towards E, and that 
the pip© is free to move bodily endways. 

It is not unnatural to assume at first sight that the 
tendency of the fluid would be to push the pipe forward, in 
virtue of the opposing surfaces offered by the bends in it — 
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that both the divergence between A and C from the 
original line at A, and the retuim between C and E to that 
line at E, would place parts of the interior surface of the 
pipe in some manner in opposition to the stream or flow, 
and that the flow thus obstructed would drive the pipe 
forward ; if however we endeavour to build up these sup- 
posed causes in detail, we shall find the reasoning to be 
illusory, and I will now trace the results which can be 
established by correct reasoning. 

The surface being assumed to be smooth, the fluid, being 
a frictionless fluid, can exercise no drag by friction on the 
side of the pipe in the direction of its length, and in fact 
can exercise no force on the side of the pipe, except at 
right angles to it. ISTow the fluid flowing round the curve 
from A to B will, no doubt, have to be deflected from its 
course, and its inertia, by what is commonly known as 
centrifugal action, will cause pressure against the outer 
side of the curve, and this with a determinable force. The 
magnitude and direction of this force at each portion of the 
curve of the pipe between A and B are represented by the 
small aiTOWs marked/; and the aggregate of these forces 
between A and B is represented by the laiger arrow 
marked G. In the same way the forces acting on the 
parts B C, OB, and B E are indicated by the arrows H, I, 
and J ; and as the conditions under which the fluid passes 
along each of the successive parts of the pipe are pre- 
cisely alike, it follows that the four forces are exactly equal, 
and, as shown by the arrows in the diagram, they exactly 
neutralise one another in virtue of their respective direc- 
tions ; and therefore the whole pipe from A to E, con- 
sidered as a rigid single structure, is subject to no disturbing 
force by reason of the fluid running through it. 

Though this conclusion, that the pipe is not pushed end- 
ways, may appear on reflection so obvious as to have scarcely 
needed proof, I hope that it has not seemed needless, even 
though tedious, to follow somewhat in detail the forces 
that act, and which, under the assumed conditions, are the 
only forces that act, on a symmetrical pipe such as I have 
supposed. 

ifaving shown that in the instance of this special 
symmetrically curved pipe, the flow of a frictionless fluid 
through it does not tend to push it endways, I will now 
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proceed to show that this is also the case whatever may be 
bhe outline of the pipe, provided that its beginning and 
end are in the same straight line. 

Assume a pipe bent into a complete circular ring with 
its end joined, and the duid within it running with velocity 
round the circle. The inertia of this duid, by centrifugal 
force, exercises a uniform outward pressure on every part 
of the uniform curve ; and this is the only force the duid 
can exert. This outward pressure tends to enlarge or 
stretch the ring, and thus causes a uniform circumferential 
tension on each part of the ring. 

!N'ow take a ring of twice the diameter and supjoose the 
duid to be running round it with the same linear velocity 
as before. The diameter of the curve being doubled, and 
the speed being the same, the outward pressure due to cen- 
trifugal force on each linear inch of the ring will be halved ; 
but since the diameter is doubled, the number of linear 
inches in the circumference of the ring will be doubled. 
Since, then, we have twice the number of inches acting, 
each with half the force, the total force tending to enlarge 
the ring will be unaltered, and the circumferential tension 
on the ring caused by the centrifugal force of the duid will 
be just the same as before. 

In the same way we can prove that in any number of 
rings of any diameters, if the linear velocity of the duid 
in each is the same, the circumferential tension caused by 
the centrifugal force of the duid will also be the same in 
each. 

ISTow let us take each of these rings and cut out a piece, 
and then join all these pieces together so as to form a con- 
tinuous pipe, as in Fig. 4, and suppose the stream of duid 
dowing through the combined pipe, with the same linear 
velocity as that with which it was before dowing round 
each of the rings. The duid in each of the segments will 
now be in precisely the same condition as when the seg- 
ment formed part of a complete ring, and will subject each 
piece of ring to the same strains as before, namely, to a 
longitudinal tension or strain, and to that only. And 
since we have already seen that the tension is the same in 
amount in each ring, the tension will be the same at every 
point in the combined pipe. 

This being so, if we imagine the pipe to be dexible (but 
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not elastic), and to be fastened at tlie ends, tbe pipe, 
altbougb flexible, will not tend to be disturbed in its shape 
by tbe inertia of tbe fluid wbicb is running through it ; 
because the fluid does not cause any lateral force, but only 
a longitudinal stretching force, and that the same in 



Fig 4 


amount at every point. And this will clearly be so in a 
pipe of any outline, because any curve may be made up by 
thus piecing together short bits of circular arcs of appro- 
priate radii. 



Let us then take a flexible pipe having the two ends in 
the same straight line, but pointing away from one another, 
as in Fig. 5, the intermediate part being of any outline you 
please. If the ends are fixed we have seen that the flow of 
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fluid will not tend to disturb the pipe, and therefore all 
that will be necessary to hold it in its position will be an 
equal and opposite tension supplied by the anchorages at 
the ends, to prevent the ends being forced towards one 
another. And if, instead of anchoring the ends, we put a 
strut between them to keep them apart, the pipe thus fitted 
will require no external force to keep it in position. In 
other words, whatever be the outline of a pipe, provided 
its beginning and end are in the same straight line, a 
frictionless fiuid flowing through it will have no tendency 
to push it bodily endways. 

So far I have dealt only with pipes having uniform 
sectional area throughout their length, an assumption which 
has been necessary to the treatment pursued, as the velocity 
has in each case been assumed to be uniform throughout the 
length of the pipe. I will now proceed to consider the 
behaviour of fluid flowing through pipes of varying sec- 
tional area, and consequently flowing with varying velocity. 


A 



Fig 6 


It is, I think, a very common impression, that a fluid in 
a pipe, meeting a contraction of diameter (see left hand of 
Fig. 6), exercises an excess of pressure against the entire 
converging surface which it meets, and that conversely, as 
it enters an enlargement (see right hand of Fig. 6), a relief 
of pressure is experienced by the entire diverging surface 
of the pipe. Further, it is commonly thought that there is 
in the narrow neck of a contracted passage (see Fig. 6) an 
excess of pressure due to the squeezing together of the 
fluid at that point. 

These impressions are in every respect erroneous ; the 
pressure at the smallest part of the pipe is, in fact, less 
than that at any other point, and vice versd. 

If a fluid be flowing along a pipe A B which has a con- 
traction in it, the forward velocity of the fiuid at B must be 

H 
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greater than that at A, in the proportion in which the sec- 
tional area o£ the pipe at B is less than that at A ; and, 
therefore, while passing from A to B the forward velocity of 
the fluid is being increased. This increase of velocity implies 
the existence of a force acting in the direction of the 
motion, to overcome the inertia of the fluid ; that is to say, 
each particle which is receiving an increase of forward 
velocity must have a greater fluid pressure behind it than 
in front of it ; for no other condition will cause that 
increase of forward velocity. Hence a particle of fluid, 
at each stage of its progress along the tapering contrac- 
tion, is passing from a region of higher pressure to a 
region of lower pressure, so that there must be a greater 
pressure in the larger part of the pipe than in the smaller, 
the diminution of pressure at each point corresponding with 
the diminution of sectional area, corresponding, that is to 
say, with the additional forward velocity assumed by the 
duid at each point of its advance along the contraction. 
Consequently, differences of pressure at different points in 
the pipe depend solely upon the velocities, or, in other 
words, on the relative sectional areas of the pipe, at those 
points. 

It is easy to apply -che same line of reasoning to the con- 
verse case of an enlargement. Hei'e the velocity of the 
particles is being reduced through precisely the same series 
of changes, but in an opposite order. The fluid in the 
larger part of the pipe moves more slowly than that in the 
smaller, so that, as it advances along the enlargement, its 
forward velocity is being checked ; and this check implies 
the existence of a force acting in a direction opposite to 
the motion of the fluid, so that each particle which is being 
thus retarded must have a greater fluid-pressure in front 
of it than behind it ; thus a particle of fluid at each stage 
of its progress along a tapering enlargement of a pipe, is 
passing fi*om a region of lower pressure to a region of 
higher pressure, the change of pressure corresponding to 
the change of velocity required. Hence we see that a 
given change of sectional area will require the same change 
of pressure, whether the pipe be an enlargement or a con- 
traction. 

Therefore, in a pipe in which there is a contraction and 
a subsequent enlargement to the same diameter as before 
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(see Fig. 6), since the differences of pressure at different 
points depend on the differences of sectional area at 
those points, by a law which is exactly the same in an en- 
larging as in a contracting pipe, the points which have 
the same sectional areas will have the same pressures, 
the pressures at the larger areas being larger, and those at 
the smaller areas smaller. 



Fig. 7. 


Precisely the same result will follow in the case of an 
enlargement followed by a contraction (see Fig. 7). 

^W^ere water a frictionless fluid these propositions could 
be exactly vcrifiod by experiment as follows. 

Figs. 8 and 9 show certain pipes, the one a conti'action 
followed by an enlargement, the other an enlargement 
followed by a contraction, .^t certain points in eacb pip^ 



Fig. S. 


there are small holes, commrmicating with -vertical gauge- 
i^lasses. The height at which the flmd stands in each oi 
these vertical glasses of course indicates the pressure in 
the pipe at the point of attachment. 

In Tig. 8 the sectional areas at E and P are ecLual to 
one another. Those at O and El are likwise equal to one 

H I 
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anothei’j but are smaller than those at E and P. The area 
at I is the smallest of all. Now, the fluid being friction- 
less, the pressures at E and P indicated by the heights E D 
and P Q would be equal, these being greater than O H and 
K N. C H and K N would also be equal to one another, 
and would be themselves gi^eater than I J . 



Fig 9 


The results shown in Eig. 9 are similar in kind, equal 
pressures cori’esponding to equal sectional areas. 

But if the experiment were tried with water, some of the 
pressure at each successive point would be lost in fiiction. 



Fig. 10 


and this growing defect in pressure, or gradient,” would 
be indicated in the successive gauge-glasses in the manner 
shown in Pigs. 10 and 11. 

I have here arranged an expeiiment which conveniently 
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illustrates these propositions, making allowance for the 
frictional gradient. 

h k I ef g a b c (see Mg. 12) is a continuous series of 
glass tubes, through which water is flowing from the 
cistern n to the outlet m. The cistern is kept full to a 
certain level. The tube from ^ to Ms what I have called 
an enlargement followed by a contraction (like Mg. 7) ; 
from e to g, the diameter is the same throughout ; and 
from a to the tube is a contraction followed by an 
enlargement (like Fig. 6). Just as in Figs. 8, 9, 10, 11, 
gauge-glasses are here fitted to the various tubes to show 
the pressures of the water in them at various points. 

Let us first consider the parallel pipe e g. If the fluid 
were frictionless, the diameter being uniform, the pressure 
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would be uniform throughout, and the fluid would stand at 
the same level in each of the three gauge-glasses. But, 
owing to the friction, the water sui'faces in the thi'ee glasses 
do not come up to a level line, but form a descending line, 
namely the frictional gradient. 

ISTow take the pipe a c, l^Cere the smallest pressure, 
denoted by the water level at is in the middle at 6, 
where the diameter is smallest, and the greatest pressure 
denoted by the water levels at a', c', is at the two ends 
a, c, whei'O the diameter is greatest. And if the fluid 
were frictionless, the pressure at the two ends, which have 
the same diameter, would be the same, but with water 
there is, as in the parallel pipe e y, a gradient or loss of 
pressure due to the friction. 




Fig 12. 
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Tlie frictional gradient, according to well-known 
hydraulic rules, has a definite law of variation in terms 
of diameter and velocity, consequently it has been possible 
by calculation to so arrange the diameters of the pipes 
that the parallel pipe e g should, according to the rule, 
have the same frictional gradient as the pipe a c, and as 
we see that the gradients are in fact the same, the result 
not merely illustrates but verifies the propositions. 

In the pipe h h I we have the smallest diameter at the 
two ends h and Z, and the largest diameter at the middle 
point and consequently we have the smallest pressures 
denoted by the water levels at A' and l\ at the two ends, 
and the greatest pressure in the middle denoted by the 
water level at //, and we again have the fall or gradient from 
end to end due to friction. 

These experiments afford a good verification of the pro- 
position which I have just now explained, namely, that in 
a frietionless fluid fiomng through a pipe of varying 
diameter, the pressure at each point depends on tli.e sec- 
tional area at that point, there being equal pressures at 
the points of equal sectional area. Hence if in the pipe 
shown in Fig. 13 the areas at all the points marked A are 
equal, if also the areas at all the points marked B are 
equal, and so also with those of C and D, then the pres- 
sures at all the points A will be the same, the pressures at 
all the points B will be the same, and so with those at G 
and D. 

Since, then, the pressure at each point depends on the 
sectional area at that point and on that only, it is easy to 
show that the variations in pressure due to the flow are 
not such as can cause any total endways force on the pipe, 
provided its sectional area at each end is the same. 

Take for instance the pipe shown in Fig. 14, The 
conical portion of pipe A B presents the same area of 
surface effective for endways pi*essure as does the conical 
portion BE I, only in opposite directions. They are both 
subject to the same pressure, being that appropriate to 
their effective mean diameter J. Consequently the end- 
ways pressures on these portions are equal and opposite, 
and neutralise one another. Precisely in the same way it 
may be seen that the endways pressures on B C, C D, D E, 
exactly counteract those on G H, F G, E F j and it may be 
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Fig. 13 . Fig. 14 


similarly shown, that in any combination whatever of en- 
largements and contractions, provided the sectional area 
and dii*ection of the pipe at the two ends are the same, the 
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total endways force iropressed on tlie pipe by tbe fluid 
flowing through it must be nil. 

^ We see then that a frictionless flnid flowing throngh a 
pipe of any form, whether tortuous or of varying diameter, 
will not tend to push it endways, as long as the two ends 
of the pipe are in the same straight line, and have the 
same sectional area ; in a word, as long as the speed and 
direction of flow of the fluid are the same in leaving the 
pipe as in entering it ; and in this compound proposition 
concerning the flow of fluid through pipes, I have laid the 
necessary foundation for the treatment of the case of the 
flow of an ocean of frictionless fluid past a submerged 
body. 

I have dealt with the instance of a single stream of 
uniform sectional area (and therefore of uniform velocity 
of flow) inclosed in a pipe of any outline whatever, and I 
have dealt with the instance of a single stream of varying 
sectional area and velocity of flow ; and in both these cases 
I have shown that, provided the streams or pipe-contents 
Anally return to their oi’iginal direction and velocity of 
flow, they administer no total endways force to the pipe or 
channel which causes theii* deviations. 

I am now going to deal with a combination of such 
streams, each to some extent curved and to some extent 
varying in sectional area, which, when taken together, 
constitute an ocean of fluid, flowing steadily past a 
stationary submexged body, see Fig. 15 ; and here also, 
since the combination of curved streams surrounding the 
body, which together constitute the ocean flowing past it, 
return finally to their original direction and velocity, they 
cannot administer to the body any endways force. 

Every particle of the fluid composing this ocean, as it 
passes the body, must xmdoubtedly follow some path or 
other, though we may not be able to find out what path ; 
and every particle so passing is preceded and followed by a 
continuous stream of particles all following the same path, 
whatever that may be. We may then, in imagination, 
divide the ocean into streams of any size and of any cross 
section we please, provided they fit into one another so as 
to occupy the whole space, and provided the boundaries 
which separate* the streams exactly follow the natural 
courses of the particles. 
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If we trace the streams to a sufficient distance ahead of 
the body, we shall there find the ocean flowing steadily 
on, completely undisturbed by, and, so to speak, ignorant 
of the existence of the body which it will ultimately have 
to pass. There, all the streams must have the same 
direction, the same velocity of flow, and the same pressui'e. 
Again, if we pursue their course backwards to a sufficient 
distance behind the body, we shall find them all again 
flowing in their original direction ; they will also have 
all resumed their original velocity ; for otherwise, since the 
velocity of the OGe«an as a whole cannot have changed, we 
should have a number of straight and parallel streams 
having different velocities side by side with one another. 
This, in a frictioniess fluid, would be clearly an impossible 
state of things, for we have seen that in a frictionless fiuid 
the velocities exactly correspond with the pressures, so that 
if the velocities of these streams were different the pres- 
sures would be different, and if the pressures wore diffei*ent 
the fluid would begin to flow from the greater pressures 
towards the less, and the streams vrould thus become curved 
instead of straight. 

Thus, although in order to get past the body these 
streams follow some courses or other, various both in 
direction and velocity, settling themselves into these 
courses in virtue of the various reactions which they exert 
upon one another and upon the surface of the body, yet 
ultimately, and through the reverse operation of corre- 
sponding forces, they settle themselves into their* original 
direction and original velocity. ISTow the sole cause of the 
original departure of each and all of these streams from, 
and of their ultimate return to, their original direction and 
velocity, is the submerged stationary body ; consequent!}’- 
the body must receive the stun total of the forces necessary 
to thus affect the sti^eams. Conversely this sum total of 
force is the only' force which the passage of the fiuid is 
capable of administering to the body. But we know that 
to cause a single stream, and therefore also to cause any 
combination or system of streams, to follow any courses 
changing at various points both in direction and velocity, 
requires the application of forces the sum total of which 
in a longitudinal direction is provided that the end 
of each stream has the same dii'ection and velocity as 
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the heginning. Therefore the sxiia total of the forces (in 
other words the only force) brought to bear upon the 
body by the motion of the fluid in the direction of its flow, 
is nil. 

Another instructive way of regarding the same problem 
is this. Suppose each and every one of the streams into 
which we have subdivided the ocean to be inclosed in an 
imaginary rigid pipe made exactly to fit it, throughout, the 
skin of each pipe having no thickness whatever. The 
innez'most skin of the innermost layer of pipes (I mean 
that layer which is in contact with the side of the body), 
the innermost skin, I say, of this layer is practically 
neither more nor less than the skin or surface of the body. 
The other parts of the skins of this layer, and all the 
skins of all the other pipes, simply separate fluid from 
fluid, which fluid ex hypotliesi would be flowing exactly as 
it does flow if the skins of the pipes were not there ; so 
that, in fact, if the skins were perforated, the fluid would 
nowhere tend to flow through the holes. Under these cir- 
cumstances the flow of the fluid clearly cannot bring any 
force to bear on any of the skins of any of the pipes, 
except on the innermost skin of the innermost layer. Now 
we know that the fluid flowing through this system of 
pipes administers no total endways force to any one of the 
pipes or to the system as a whole. But it produces, as we 
have just seen, no force whatever upon any of the skins 
which sepai-ate fluid from fluid ; consequently if these are 
removed altogether, the force administered to the remainder 
of the system, will be the same as is administei'ed to the 
whole system, namely, no total endways force whatever. 
But what is this remainder of the system which has no 
total endways force upon it % Simply the surface of the 
body, which is formed, as I have already said, by the inner- 
most skins of the innermost layer of pipes. Therefore no 
total endways force is administered to the body by the 
flow of the fluid. 

I have now shown that an infinite ocean of frictionless 
fluid flowing past a stationary submerged body cannot 
administer to it any endways force, whatever be the nature 
of the consequent deviations of the streams of fluid. The 
question, what will be in any given case the precise con- 
figuration of those deviations, is irrelevant to the proof L 
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Lave given of this proposition. ISTevertheless it is interesting 
to know sometLingj at least, of tlie general character which 
these deviations, or stream-lines/' assume in simple cases ; 
therefore I show some in Figs. 15 and 16, which are drawn 
according to the method explained by the late Pi'ofessor 
Fankine. 

The longitudinal lines I'epresent paths along which par- 
ticles flow ; they may therefore be regarded as boundaries 
of the streams into which we imagined the ocean to be 
divided. 

"We see that, as the streams approach the body, their 
first act is to broaden, and consequently to lose velocity, 
and therefore, as we know, to increase in pressure. Pie- 
sently they begin to narrow, and therefore quicken, and 
diminish in pressure, until they pass the middle of the 
body, by which time they have become narrower than in 
their original undisturbed condition, and consequently have 
a greater velocity and less pressure than the undisturbed 
fluid. After passing the middle they broaden again until 
they become broader than in their original condition, and 
therefore have less velocity alid greater pressure than the 
undisturbed fluid. Finally, as they recede from the body 
they narrow again until they ultimately resume their 
original dimension, velocity, and pressure. Thus, taking 
the pressure of the surrounding undisturbed fluid as a 
standard, we have an excess of pressure at both the head 
and stern ends of the body, and a defect of pressure along 
the middle. 

We pi'oved just now that, taken as a whole, the pi^es- 
sures due to the inertia of the fluid could exert no endways 
push upon the stationary body. We now see something of 
the way in which the separate pressures act, and that they 
do not, as seems at first sight natural to expect, tend all in 
the direction in which the fluid is flowing ; on the contrary, 
pressure is opposed to pressure, and suction to suction, and 
the forces neutralise one another and come to nothing 3 and 
thus it is that an ocean of frictionless fluid, flowing at 
steady speed past a stationary submerged body, does not 
tend to push it in the direction of the flow. This being so, 
a submerged body travelling at a steady speed through a 
stationary ocean of fiictionless fluid will experience no 
resistance. 




110 


LECTURE B TO BCIENGE TEAGHEBB. 


Since then a frictionless flmd would offer no resistance 
to a sTibmerged body moving through it, we have next to 
consider what are the real causes of the resistance which 
such a body experiences when moving through water. The 
difference between the behaviour of water and that of the 
frictionless fluid is twofold, as follows : 

Tirst, the particles of water, unlike those of a friction- 
iess fluid, exert a drag or frictional resistance upon the 
surface of the body as they glide along it. This action is 
commonly called surface-friction or skin friction, and its 
amount in any given case can be calculated from general 
experimental data. The resistance due to the surface- 
friction of a body such as that which we have been con- 
sidering is practically the same as that of a plane suiface 
of the same length and area, moving at the same speed 
edgeways through the water. 

The second difference between the behaviour of water 
and that of the imaginary frictionless fluid surrounding 
the moving submerged body, is that the mutual frictional 
resistance experienced by the particles of water in moving 
past one another somewhat hinders the necessaiy stream- 
line motions, alters their nice adjustment of pressures and 
velocities, defeats the balance of forward and backward 
forces acting against the surface of the body, and thus in- 
duces resistance. This action, however, seems imperceptible 
in forms of fairly easy shape such as that shown in Mg. 2, 
and only operates tangibly where there are angular fea- 
tures, or very blunt stexms, like the blunt round tail, for 
instance, of the bodies shown in Figs. 15 and 16. In such 
a case, the stream-lines, instead of closing in round the 
stern, as shown in the figures, form a swirl or eddy, from 
which it results that the excess of pressure which would 
exist at the tail-end in a frictionless fluid, and which would 
there counterbalance the similar excess of pressure at the 
nose of the body, becomes in water greatly reduced, and in 
part convex'ted into negative pressure, and thus a very 
great resistance may result. It is worth mentionixxg, how- 
evex’, that it is blunt tails rather than blunt noses that 
cause these eddies, and thus a body with one end xnuxxd 
and the other shai'^p, no doubt experiences least resistance 
when going \vith the round end fix'st. 

I call this source of resistance eddy-making resistance/ 
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and, as I have said, it will be imperceptible in forms of 
fairly easy shape, such, for example, as Mg. 2. Such a 
form of submerged body will experience practically no 
resistance^ except that due to surface-friction, and will 
therefore experience practically only the same total re- 
sistance as a thin plane, like Fig. 1, moving edgeways, 
which possesses the same area of wetted skin. In fact, we 
may say generally, that all submerged bodies of fairly fine 
lines experience no resistance except surface-friction. 

I have hitherto, throughout the whole of this reasoning, 
been dealing with submerged bodies only, by which I mean 
bodies travelling at a great depth below the surface of the 
fluid ; and I have shown the sole causes of their resistance 
to be the two I have termed respectively surface-friction 
and eddy-making resistance. But when we come to the 
case of a ship, or' any other body travelling at or indeed 
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Fig. 17. 



near the surface, we fi-nd a new cause of resistance intro- 
duced ; a cause, the consideration of which is often of most 
vital importance in the design of the forms of ships, and 
which renders the question of the form of least resistance 
for a ship, entirely different from that of the form of least 
i-esistance for a submerged body. This new cause of re- 
sistance, like the eddy-making resistance, operates by 
altering the stream-line motions and defeating their balance 
of forward and backward forces. It arises as follows : 

Imagine a ship travelling at the surface of the water, 
and first let us suppose the surface of the water to be 
covered with a sheet of rigid ice, and the ship cut off level 
with her water-line, so as to travel beneath the ice, floating, 
however, exactly in the same position as before (see Fig. 
17). As the ship travels along, the stream-line motions 
will be the same as for a submerged body, of which the 
ship may be regarded as the lower half ; and the ship will 
move without resistance, except that due to the two causes 


112 


LECTURES TO SCIENCE TEACHERS. 


I have just spoken of, namely surface-friction and eddy- 
making resistance. The stream-line motions being the 
same in character as those we have been considering, we 
shall still have at each end an excess of pressure, and 
along the sides a defect of pressure, which will tend the 
one to force up the sheet of ice and the other to suck it 
down. If now we remove the ice, the water will obviously 
rise in level at each end, in order that excess of hydrostatic 
head may afford the necessary reaction against the excess 
of pressure, and the water will sink by the sides, in order 
that defect of hydrostatic head may afford reaction against 
the defect of pressure. 

The hills and valleys which thus commence to be formed 
in the water are, in a sense, waves, and though originating 
in the stream-line forces of the body, yet when originated, 
they come under the dominion of the ordinary laws of 
wave-motion, and to a large extent behave as independent 
waves ; and in virtue of their independent action they 
modify the stream-line forces which originated them, and 
alter the pressures which are acting upon the surface of 
the ship. 

The exact nature of this alteration of pressure, in any 
given case, we have no means of predicting ; but we can 
be quite sure it must operate to alter the balance of for- 
ward and backward foi'ces in such a way as to cause re- 
sistance ; for we see that the final upshot of all the 
different actions which take place is this — that the ship in 
its passage along the surface of the water has to be con- 
tinually supplying the waste of an attendant system of 
waves, which, from the nature of their constitution as in- 
dependent waves, are continually diffusing and transmitting 
themselves into the surrounding water, or, where they 
form what is called broken water, crumbling away into 
froth. ISTow, waves represent energy, or work done, and 
therefore all the energy represented by the waves wasted 
from the system attending the ship is so much woi'k done 
by the propellers or tow ropes which are urging the ship* 
So much wave-energy wasted per mile of travel is so much 
work done per mile, and so much work done per mile is so 
much resistance. 

The surface of the water thus admits of an escape, as 
it were, of the pressures which arise from the inertia of 
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the particles of the fluid which have to be set in motion by 
the body. But so far from thereby rendering less obstruc- 
tion to the passage of the body, these pressures are 
enabled by that very escape to result in a resistance, which, 
if they were confined by the fluid overhead, as with a sub- 
merged body, they would have been unable to produce ; in 
fact at the surface the particles ai^e able to escape the duty 
of restoring to the body the power which the body em- 
ployed to set them in motion. There can be no doubt that 
in this way a fish, when swimming so close to the surface 
as to make waves, experiences more resistance than when 
deeply immersed. 

It is worth remark that this cause of resistance, wave- 
genesis ’’ or wave- making resistance,’’ as it has been 
termed, would be equally a cause of resistance in a fric- 
tionless fluid, and it is for this reason that in proving to 
you just now that a body would experience no resistance 
in moving through a frictionless fluid, I limited the case to 
that of a submerged body. It is true that in a frictionless 
fluid the wave system generated by a ship would not waste 
away, as in water, by its internal friction ; but it would 
none the less be diffused into the surrounding fluid, and 
thus, as the ship proceeded, she would cover a larger and 
larger area of ocean surface with the waves she was making. 

Having arrived at this point, I think it will be useful 
briefly to review the several cases of motion through fluid, 
in order to trace where the several causes of resistance we 
have dealt with come into operation. 

Case I. — plane moving edgeways through frictionless 
fluid. Here there will be no resistance. 

Case II. — A plane moving edgeways through frictional 
fluid. Here there will be resistance due to surface friction. 

Case III. — ^A submerged body moving through friction- 
less fluid. The inertia of the fluid undergoing stream-line 
motion, causes excess of pressure at the two ends, and defect 
of pressure along the middle. The forward and backward 
pressures balance one another, and therefore cause no re- 
sistance. 

Case IV. — A submerged body moving through frictional 
fluid. Here there is resistance due to surface friction. 
Also, if the body is abrupt enough to cause eddies, part of 

VOL. II. I 
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the excess of pressure at tLe tail end will be converted by 
the friction of the particles of fluid into defect of pressure, 
and so will destroy the balance between the forward and 
backward pressures, thus causing eddy- making resistance. 

Case V. — A body moving through frictionless fluid, but 
at or near the surface. The direct pressui-es on the surface 
of the body are altered by the operation of the w^ave 
system which has been created, thus destroying the balance 
of forward and backw^ard forces, and introducing wave- 
making resistance. 

Case VI. — A body moving through frictional fluid at or 
near the surface. Here, surface-friction, eddy-making resist- 
ance, and wave-making resistance will act in conihination, 
and will together make up the total resistance. 

Having this reviewed the several operations which will 
combine to cause resistance to a ship moving at the surface 
of the water, it will be interesting to see in what propoi*- 
tion they are combined in an actual ship of ox’dinary foiun ; 
and to take a single instance I show the curves of resist- 
ance/^ as they are called, of the SS. Merhara^ a mercantile 
ocean steamship of 3,980 tons. It is pexkaps necessary to 
explain that a curve of resistance is a diagram constructed 
to show at a glance the resistance at any speed, so that if 
any point be taken on the scale of speed forming the base- 
line, the ordinate or vertical height from the point to the 
cxirve above, measured by the scale of fox’ce, will show the 
amount of resistance at that speed. Thus, in Fig. 1 8, where 
the uppermost line I'epresents the total resistance of the 
ship, we see that at a speed of twelve knots the resistance 
as indicated by the height up to the line is 9*3 tons. 

The plain line on Fig. 18 is the curve of total resistance 
of the Merhara^ deduced from experiments made with a 
model of that ship. The lowest of the two dotted lines is 
the curve of surface-friction resistance of the ship, calcu- 
lated from experiments made upon the resistance of thin 
planes moving edgeways through water. The space between 
the foi'egoing line and the dotted line immediately above 
it, represents the amount of resistance due to eddy-making, 
deduced from data which it would take too long to describe 
here. The space between this upper dotted line and the 
plain line above it is the wave-making resistance. 
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We see tlien, that with this ship the eddy-making resist- 
ance is about eight per cent, of the surface-friction, at all 
speeds. We see further that at eight knots the wave- 
making resistance is practically nil, that at eleven knots it 
is only twelve per cent, of the whole resistance at that 
speed, and that at thirteen knots, which is the maximum 
speed of the ship, it is seventeen per cent, of the whole. As 
we go further up in the scale of speed the wave-making 
resistance mounts up very largely, and at nineteen knots is 
fully sixty per cent, of the whole resistance. 



The curve of resistance here given may be taken as a fair 
sample of those of ships of good build. It may be said gene- 
rally that the eddy-making resistance is a comparatively 
small amount, and that it bears at all speeds nearly a con- 
stant proportion to the surface-friction. The wave-making 
resistance, on the contrary, always increases with increase 
of speed at a more rapid rate than the surface-friction, 
being generally nil at a very low speed, and becoming, at 
very high speeds, more than half of the whole resistance. 
Large ships, however, do not often attain, under steam, 

I 2 


Resistance in tons. 



116 LECTURES TO SCIEJSTGE TEACHERS, 

speeds at wlaicli the wave-resistance is more than some forty 
per cent, of the whole. 

It is a point worth noticing here, what an exceedingh^ 
small fox™ce after all is the resistance of a ship, compared 
with the apparent magnitude of the phenomena involved. 
Scarcely any one, I imagine, seeing for instance the new 
frigate Shak steaming at full speed, would be inclined at 
first sight to credit, what is nevertheless the fact, that the 
whole propulsive force necessary to produce that apparently 
tremendous effect is only 27 tons, in fact less than one two- 
hundredth part of the weight of the vessel. And of this 
small propulsive force, at least 15 tons, or more than one- 
half, is employed in overcoming surface-friction simply. 

Thus, although the vessel carries at her bow a w^ave seven 
feet high, the forces which produce this are so far neixtra.- 
lised by other similar forces that the whole of her resistance, 
exclusive of surface-friction, might be represented by the 
sternward pressure on her bow which would be due to a 
single wave fourteen inches high. Indeed, a wave thiity 
inches high would repi’esent a sternward pressure equal to 
the whole resistance of the ship. 

The ti'uth is, that the forces which are at work, namely 
the stream-line pressures due to. the inertia of the fluid, ai‘e 
indeed very great ; what we have to deal with, in the shape 
of eddy-making or wave-making resistance, is nothing but 
a minute difference or defective balance between these great 
forces, and fortunate it is that they balance as well as they 
do. With a well- shaped ship at moderate speed we have 
scarcely any resistance but skin friction, for the balance of 
stream-line pressures is almost perfect; but nevertheless 
they are all the while in full operation, a foinvard force 
counteracting a backward force, each equal to pei'haps five 
times the existing total resistance of the ship. We can 
easily imagine, then, that when we once begin to tamper 
with this balance, we may produce unexpectedly great 
resistance ; and thus when we are dealing with speeds at 
which the wave-making resistance comes into play, a small 
variation in form may cause a comparatively large variation 
in the wave-making resistance. It is this fact which gives 
the wave-making resistance such a vital importance in con- 
nection with the designing of ships; but unfortunately, 
although the surface-friction element of resistance is easily 
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calculated in all cases from general experimental data, 
neither theory nor general experiment have as yet supplied 
means of calculation applicable to the wave-making resist- 
ance. In the absence of this knowledge we have to rely on 
direct experiments with different forms of vessels, and to 
supply these is on© of the objects of the experiments upon 
the resistances of models of various forms which I am now 
conducting for the Admiralty. 

By these experiments I hope not only to obtain a great 
many comparisons, showing at once the superiorities of some 
forms over others ; but to deduce general laws by which 
the inffuence of variation of form upon wave-making resist- 
ance may be predicted. Already, indeed, some most 
instructive propositions concerning the operations of this 
cause of resistance have shaped themselves ; but it would 
take far too long to describe them in this discourse. I 
will merely refer to one broad principle which underlies 
most of the important peculiarities of the wave-making 
element of resistance. 

We have seen that the waves originate in the local dif- 
ferences of pressure caused in the surrounding water by the 
vessel passing through it ; let us suppose, then, that the 
features of a particular form are such that these differences 
of pressure tend to produce a variation in the water-level 
shaped just like a natural wave, or like portions of a natural 
wave of a certain length. 

Now an ocean wave of a certain length has a certain 
appropriate speed, at which only it naturally travels, just 
as a pendulum of a certain length has a certain appropriate 
period of swing natural to it. And just as a small force 
recurring at intervals corresponding to the natural period 
of swing of a pendulum will sustain a very large oscillation, 
so, when a ship is travelling at the speed natux'ally appro- 
priate to the waves which its features tend to form, the 
sti'eam-lin© forces will sustain a very large wave. The 
result of this phenomenon is, that as a ship approaches this 
speed the waves become of exaggerated size, and run away 
with a proportionately exaggei'ated amount of power, 
causing corresponding resistance. This is the cause of 
that very disproportionate increase of resistance experi- 
enced with a small increase of speed when once a certain 
speed is reached, an instance of which is exhibited at a 
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speed of about eighteen knots in the curve of resistance 
shown in Fig. 18. 

We thus see that the speed at which the rapid growth of 
resistance will commence, is a speed somewhat less than 
that appropriate to the length of the wave which the ship 
tends to form. ISTow, the greater the length of a wave is, 
the higher is the speed appropriate to it; therefore the 
greater the length of the waves which the ship tends to 
form, the higher will be the speed at which the \vave- 
making resistance begins to become formidable. Wo ma,y 
therefore accept it as an approximate principle, tliat the 
longer are the features of a ship which tend to make ^waves, 
the longer will be the waves which tend to be made, tlu* 
higher will be the speed she wall be able to go before sli 
begins to experience great wave-making resistance, aia 
the less still will be her wave-making resistance at any 
given speed. 

This pidnciple is the explanation of the extreme import- 
ance of having at least a certain length of form in a ship 
intended to attain a certain speed ; for it is necessary, 
in order to avoid great wave-making resistance, that the 

wave features/^ as wo may term them, should be long ii 
comparison with the length of the wave which would 
naturally travel at the speed intended for the ship. 

Time will not admit of my describing to you in detail 
how the principles I have been explaining affect the piac- 
tieal question of how to shape ships. I must leave you to 
imagine for yourselves, if you feel interested in following 
up the question, how the desirability of length of wave 
features,' ’ for lessening wave-resistance, is to a greater or 
less extent counteracted by the desirability of shortness of 
ship for lessening surface-friction ; and how in many other 
ways a certain variation of form, while it is a gain in one 
way is a loss in another, so that in every case the form of 
least resistance is a compromise between coniiicting methods 
of improvement. 

My principal object has been to combat the old fallacy 
of head-resistance," as it has been sometimes called, due 
to the inertia of the water acting against the area of the 
ship’s way. I hope I have made it clear to you, tliat the 
inertia of a frictionless fluid could offer no opposing force 
to a submerged body of any shape moving through it, for 
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that the forces there developed by the inertia against 
the body must of necessity push it forwards exactly as 
much as they push it backwards, and that when the body 
is moving through a frictional fluid, or when it is moving 
at the surface of a fluid, this balance is only more or less 
destroyed through the operation of conditions which are 
totally independent of the area of midship section or area 
of ship’s way. 

For this reason, the only instances I have time to give 
you of the application of our knowledge of the causes of 
resistance to practical questions shall be directly appli- 
cable as illustrations of the fallacy of the midship section 
theory. 



Let us suppose that Fig. 19 represents the respective 
water-lines of two vessels of the same tonnage but of 
different proportions of length to breadth. Now it is true 
that the shorter of the two, when the speed of the wave 
appropriate to its wave features is approached, will ex- 
perience great wave-making resistance, and will therefore 
probably experience greater total resistance than the longer 
ship. But it is certain that at low speeds when the wave- 
making resistance of both ships is practically m7, the 
shorter ship will make the least resistance, because the 
long and narrow one has the largest area of skin, and will 
therefore have the greatest surface-friction resistance. 
Judging, however, by the midship section theory, we should 
have erroneously concluded that the short and broad ship 
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would make tlie greatest resistance of the two at all 
speeds. 

Next let us take the two ships, whose water-lines are 
shown in Tig. 20. It may be seen that the one shown in 
dotted lines has the same length, and the same sharpness 
of ends as the other, but is filled out amidships to a larger 
cross section. On the midship section theory, this one 
would clearly have the greatest resistance of the two. Never- 
theless, in the trial of two models of those lines it appeared 
that at the higher speeds the form with the largest cross 
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section made considerably the least resistance. The oxpla,- 
nation of this lies of course in the fact that the addition 
amidships, though inci'easing the displacement, forms a, 
prolongation of the wave features of the two ends, and thus 
lessens the wave-making resistance. 

In conclusion, let me again insist, and with the gr-eatest 
urgency, on the hopeless futility of any attempt to theorise 
on goodness of form in ships, except under the sti*ong and 
entirely new light which the doctrine of stream-lines 
throws on it. 

It is, I repeat, a simple fact that the whole framework 



THE LAWS OF FLVIJD RESISTANCE, 


121 


of thouglit by which, the search for improved forms is com- 
monly directed, consists of ideas which, if the doctrine of 
stream-lines is true, are absolutely delusive and misleading. 
And real improvements are not seldom attributed to the 
guidance of those very ideas which I am characterising as 
delusive, while in reality those improvements are the fruit 
of painstaking, but incori'ectly rationalised, experience. 

I am but insisting on views which the highest mathe- 
maticians of the day have established irrefutably ; and my 
work has been to appreciate and adapt these views when 
presented to me.^ 

ISTo one is more alive than myself to the plausibility of 
the unsound views against which I am contending ; but it 
is for the very reason that they are so plausible that it is 
necessary to protest against them so earnestly * and I hope 
that in protesting thus, I shall not be regarded as assuming 
too dogmatic a tone. 

In truth, it is a protest of scepticism, not of dogmatism ; 
for I do not profess to direct any one how to find his way 
straight to the form of least resistance. For the present 
we can but feel our way cautiously towards it by careful 
trials, using only the improved ideas which the stream-line 
theory supplies, as safeguai^ds against attributing this or 
that result to irrelevant, or rather, non-existing causes. 

1 I cannot pretend to frame a list of the many eminent naathemati- 
eians who originated or perfected the stream-line theory ; but I must 
name from amongst them, Professor Pankine, Sir William Thomson, 
and Professor Stokes, in order to express my personal indebtedness to 
them for information and explanations, to which chiefly (however im- 
perfectly utilised) I owe such elementary knowledge of the subject as 
alone I possess. 



THE BATHOMETER. 

BY DB. SIEMENS. 

Ladies and Gentlemen, — I have been asked bythe Depart- 
ment to give a description of an instrument that I have 
placed in this interesting Loan Oollection, the name of which 
is Bathometer. The name is derived from bathos the 
depth, its purport being to measure the depth of the sea 
without a sounding-line. It is as long ago as 1859 that my 
attention was first drawn to this subject. Being profes- 
sionally connected with submarine telegrajohy and the 
establishment of submarine cables, I was struck with the 
great inconvenience arising through the want of knowledge 
of the depth below the ship which is engaged in the 
operation of cable laying, and as it is always interesting 
to know the origin of an idea, I think I may shoi'tly 
point out to you the nature of the difficulty which really 
suggested this idea. In laying a submarine cable, the cable 
passes from the tank of the ship over a stern pulley and 
over a dynamometer into the sea. The cable would run 
out over this stern pulley with an indefinite velocity, unless 
it were retained by the dynamometer, and the amount of 
retaining force necessary to prevent the cable either from 
running out too quickly or from being laid too tight at the 
bottom is rexDreseiited by the weight of the cable hanging 
from the ship vertically down to the bottom. If the depth 
is a mile and the weight of the cable in sea water is one ton 
per mile, the retaining force which has to he apjDlied to 
the dynamometer must he exactly one ton. If less than 
one ton is applied the cable will run out in undue propor- 
tion, and if more is applied it will be stretched tight upon 
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the bottom and will be incapable thei’efore o£ following the 
sinuosities of the ground. This proposition is proved 
mathematically, that the retaining force must be equal to the 
weight of cable. But how are we to ascertain the depth of 
the sea so as to prevent undue loss of cable % It might be 
said that the sea should be sounded beforehand, but in 
laying a cable across the sea, say across the Atlantic, it is 
not always easy to know where the currents interfere with 
the path of the ship through the water, and if the weather 
is at all unfavourable no astronomical observations can be 
taken, and the actual position of the ship may be very 
different from the assumed one, and consequently the actual 
depth, however carefully the sea may have been sounded, 
may be very different from what it is supposed to be. 
Hence the dijfi&culty and the importance of knowing the 
depth of the water. It occumed to me whether it w:as not 
possible to keep a running record of the depths of the sea 
below the ship while the ship was moving. Of course a 
sounding-line was out of the question, because it takes 
several hours to let a lead sink down to the bottom of a 
deep sea ; but was it not possible to take advantage of the 
inferior specific gravity of the water itself, to gain an indi- 
cation of the depth'? This thought occupied my mind, 
and I constructed an instmment which I thought would 
give me an indication of the variations in the total gravi- 
tation of the earth as the ship passed over the surface. 
This instrument, however, was not perfect. I had to deal 
with extremely slight variations in the total attraction, and 
an insti'ument to indicate such slight variations, notwith- 
standing the disturbing influences of the motion of the 
ship, variations of temperature and variations in the 
pressure of the atmospheric column, was a problem of some 
difficulty ; and after having tried an instrument and ob- 
tained certain indications of success I abandoned the matter 
until recent events (the occasion of laying the cable across 
the Atlantic) recalled to my mind the great practical impor- 
tance which such an insti'ument would be, not only for the 
cable layer, but for the navigator generally. But before 
we can consider the construction of such an instrument we 
shall have to look to the general question involved. 

The law of gravitation, as you all know, was first deve- 
loped by IsTewton. Newton’s mode of viewing the question I 
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will endeavour to explain in a few words. Suppose this circle 
to represent the earth, which for simplicity’s sake 1 will 
suppose to be of uniform density throughout. hTewton 
divided the earth into concentric shells, and he proved that 
the total gravitation of each shell would ba equal to the 
mass of the shell concentrated in the geometrical centre of 
the earth. The sum of all the shells would therefore give the 
total gravitation of the earth. That being so, it is easy to 
conceive that in going away from the surface of the earth, 
ascending over it or descending below it, would materially 
affect the result of the total gravitation ; hut it does not 
follow from this mode of viewing the question that moving 
along the surface of the earth there would be any variation. 
The centre of the earth would remain at the same distance, 
and this being what is called the centre of gravity of the 
earth, the total gravitation would, it might appear, remain 
the same. Newton proved that the total gravitation of the 
earth must vary as you approach from the equator towards 
the poles. He proved mathematically and indicated tho 
means of ascertaining practically that the poles must be 
depressed, and this depression would bring the poles nearer 
to the centre, and therefore at the poles there would be a 
greater total gravitation. But there is another reason 
which Newton also pointed out why gravitation should be 
less towards the equator than towards the pole, and that 
is the centrifugal force generated by the rotation of the 
earth. Both these causes — the depression of the poles and 
the rotation of the earth — ^tend to diminish gravitation 
towards the equator, and the ratio of increase of the total 
gravitation towards the poles proceeds in the ratio expressed 
by the square of the sine of the latitude ; therefore in 
looking at the state of science with regard to gravitation 
I did not find much help towards the solution of my 
problem, and I found it necessary to try another mode of 
viewing the same. There can be no doubt about this, that 
the total gravitation of the earth is composed of the gravi- 
tation of each portion of it. 

Then, in order to calculate the amount of variation that 
will be produced in the total attraction of the earth, by a 
given depth of water below the attracted point P, a line is 
drawn from that point to the centre of the earth, and the 
same is divided into an unlimited number of indefinitely 
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tliin slices by planes perpendicular to that line. Each slice 
is composed of concentric rings of the sectional area 


dh . dx ziz 

and of the capacity 


dh . z . d a 
cos tt 


2 TT . z . sin a . dh . z . d 
cos a 

and the differential of the attraction is 

j ^ A / 2 TT . z . sin a . dh . z . d a . cos a 

d. d. A — 5 

Z ^ . cos a 

“ 2 TT , d X . sin a . d a, 

which, integrated between the limits h and' o and a and is 
'h 


/« /: 


2 TT. dh.sin a.d a = 2 




as the total attractive force exercised by the uppermost 
portion of the earth to the depth h. 

For small values of h, 

A' ^ 2 TT.h (2). 

Substituting 2E. for 7i in (1), there is obtained 




(3). 


The pi’opoi'tion between the upper segment and the 
whole earth is 


A' : A 


E 


= h : ^ R. 

If sea-water were without weight, the attraction at P 
would be diminished in the above ratio of depth of water 
9 

of A but the real inffuence of the depth, taking the 
o 

specific gravity of water into account, is very nearly as the 
depth to the earth’s radius. 

If this calculation is correct, it follows that the total 
gravitation of the earth will diminish in passing over the 
surface of the ocean in the exact proportion of the depth 
of the sea to the radius of the eai'th, and as the x'adius 
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o£ tlie earth may be taken roughly at 3;,950 miles, the 
depth of one mile of sea- water will diminish the total 
gravitation by - 5 - 7 ^^ part, or a fathom depth of sea-water will 
diminish the total gravitation by ■g-.-row.Tnrir This calcu- 

lation is of importance as showing that the decrease of 
gravitation must be proportionate to the depth ; but this 
result is of course influenced, as T have already mentioned, 
by latitude and by other disturbing causes, which have to 
be allowed for in dealing with these instruments, unless they 
are corrected in the instrument itself, and that is a subject 
which we shall have to consider. 

Besides the disturbance in the total gravitation due to 
latitude, there is one which was first referred to by Sir 
George Airy, and which Professor Stokes has assigned to 
its true cause, namely, that the total atti'action of the 
earth is always greater on islands than on the mainland. 
On the shore of the mainland the total attraction of the 
earth in the toame latitude is less than on the shore 
of an island, and Professor Stokes proves that this is 
owing to the attraction of the mass of the continent 
itself. Its mass lying above the general surface of the 
earth exercises naturally a negative influence upon 
the total gravitation, and it follows that the total 
gravitation at the sea-level must be less in proximity to 
large continents than it would be on the shore of a small 
island. It has also been proved by Archdeacon Pratt and 
others that the attraction of mainlands upon the water 
itself must di'aw the water towards this mainland, and 
that hence the water-level neai* shores must stand higher 
than the water-level at a greater distance from the shore. 
In other words, a continent draws the water towards it 
and raises the sea- level near shoi'e. I have received a paper 
from Dr. Hann which deals with the same subject, and he 
goes farther than those who dealt with it before him, and 
maintains that the total attraction of the earth owing to 
this continental local attraction would be greater at mid- 
ocean than near shores — that is to say, that the depression 
of the water-level would be such that the gravitation on 
the surface of the ocean would actually be greater than the 
total attraction on the sea-shore. If Dr. Hann is right I 
am wrong, because the inatrument which I have the honour 
of bringing before you is based upon an exactly opposite 
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hypothesis, and I doubt that Di\ Hann takes the attraction 
too much in the sense of asti’onomical atti-action rather than 
in the sense of local attraction. Here I would refer to an 
experiment which we all know and can easily make. Any 
large substance falls towards the centre of the earth. If 
we throw a weight against a wall it falls vertically down 
to the earth, but if we throw a drop of water against the 
wall it does not fall towards the eai'th — it adheres to the 
wall ; and if we throw a small particle of sand against the 
wall it does not fall, it adheres to the wall. This is ex- 
plained by the adhesion.- Adhesion is only another form 
of at.traction. It is atti*action at very small distances ; and 
for the grain of dnst hanging against the wall, the centre 
of attraction of the whole earth may be thought of as 
concentrated in the wall, and as falling within the sub- 
stance of the wall, because this local atti'action is so great 
owing to its vicinity to the particle that it overcomes 
actually the greater attraction of the total earth. And so 
a small insect mounting up a wall would probably be in- 
fluenced more by the attraction of the wall, if it is a massive 
one, than by the total gravitation of the earth ; and it 
must always be borne in mind that the attraction of the 
substance nearer at hand exercises an influence which is 
greater than the mass at a distance, in the proportion of the 
square of that distance, wliich is a very large proportion. 

The next problem was the construction of such an 
instrument, and this presented considerable difficulties, 
because we have to deal with exceedingly small variations 
of total gravitation, and we have to deal with disturbing 
influences which should be eliminated or allowed for. 

I will now describe the instrument. One is placed 
before you of the size which I have constructed at present, 
and an enlarged drawing is placed upon the wall. The 
total gravitation of the earth is represented by a column 
of mercury which rests upon a thin diaphragm of steel plate. 
This diaphragm of steel is embossed in such a way that its 
centre can move within a small range freely up and down 
under the influence of a column of mercury without en- 
countering any frictional resistance. The mercury column 
ends again in a cup ; and the whole system, the pipe and the 
cup, are filled with mercury up to the line shown in red on 
the diagram. The space above tbe mercury is filled up 
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^with. anothei’ liquid ot less density, -with water or spirits of 
wine, and this other liquid terminates in a spiral tube laid 
P-pon a scale at the top of the instrument. The centre of 
the diaphragm which supports the column of mercury is 
carried by two springs, or by four as in the case before you, 
which are made of carefully-tempered steel and are 
stretched out to such a degree that the elastic pressure 
exercised by these springs exactly balances the dead weight 
of the column of mercury resting upon this diaphragm, the 
result being that the diaphragm retains its horizontal 
position. This column of mercury presses with a force 
resulting from the area of the diaphragm multiplied by the 
height of the column, and it will be seen at once that this 
force is considerable. This diaphragm is 90 millimetres in 
diameter, and the height of the column is 600 millimetres. 
The total force of gravitation resisted by this diaphragm is 
equal to about 120 pounds, and therefore any variation in 
the total gravitation would be a variation in the weight of 
over a hundredweight, and the •§-,'Bwo',uinr amount 

still a measurable quantity. The central part of this 
column has been reduced. Instead of having the column 
of mercury from end to end in a parallel cylinder, it is 
reduced in the middle to a much smaller area, and this is 
not done without an object. If the mercury stood in a 
column of equal diameter throughout, and if the area of 
this column remained the same under all circumstances of 
temperature, it would be easily seen that the potential or the 
total pressure of this column of mercury upon the diaphragm 
'would be always the same, whatever the temperature 
or the state of expansion by temperature of the mercury 
#might he, because in proportion as the density of mercury 
is dimiiiished through dilatation, the height of the column 
would increase and the one would exactly compensate the 
other.' But we have to consider that the balancing force 
to the force of gravity is a variable force, the elastic force 
of the spring ; and I had to determine by careful experiment 
what is the amount of variation which this elastic force 
undergoes for a given variation of tempe^rature, Wertheim 
in Germany had already investigated this subject, but 
hardly to the extent necessary to guide me in the construc- 
tion of this instrument. The result of my experiments, 
which on the whole agree with those of Wertheim, proves 

VOL. II. K 
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that the elastic force of the spring diminishes with an 
increase of temperature in an arithmetical proportion, and 
in a proportion which is inferior to the dilatation of mercury. 
Therefore by diminishing the amount of mercury between 
the diaphragm and the surface I arrive at a point where 
the total variation in the potential force of this column of 
mercury varies by temperature in the same proportion as 
the spring varies also ; and if these proportions are properly 
adjusted the instrument before you will be parathermal or 
remain uninfluenced by variations of temperature. That 
was a very important point to establish, because if the 
instrument had to be maintained at a uniform temperature, 
or if calculations had to be made to adjust it for tempera- 
ture, those variations would very likely overbalance and 
swamp the indications of the instrument due to depth, and 
so would have rendered it useless. It was chiefly owing to 
this diflS.culty that I did not succeed sufficiently well in my 
first attempt. 

The atmospheric pressure which determines the height 
of the mercury in a barometer exercises no influence 
on this instrument, because it is exerted upon the lower 
side of this diaphragm as well as upon the npper surface 
of the mercury, and assuming the pressux’e to be the 
same at each level or proportionately the same, there 
will be no influence ; but there is a slight influence due to 
variations in the atmospheric density as distinct from 
atmospheric pressure. The weight of this mass of mercury 
in the tube is only in as much as the mercury is heavier than 
atmospheric air. If the difference of density between 
mercury and air were small, then any increase in atmos- 
pheric density would not only influence the pressure of the 
mercury on this diaphragm very materially, but enormous 
as the difference is between the density of mercury and air, 
yet a variation in atmosphei'ic density exercises an influence 
upon the potential of this column of mercury, and this 
variation will be suflicient to influence the delicate indica- 
tions which we expect from it. This has been eliminated 
by suspending the instrument in an air-tight casing. It is 
now raised out of its casing for you to see it, but when in 
use it descends into the case and there swings freely on its 
gimbals, and although there is the atmospheric presstire 
inside the casing of average density, yet, as this casing is 



THE BATHOMETER. 


131 


closed by means ol a disc of plate glass, the variations in 
density do not affect the quantity of air enclosed within its 
casing, and we thus get rid entirely of the disttirbing 
effects which would arise from this cause. 

At the bottom of the figure is shown an apparatus by 
which I used to take the readings of the instrument, which 
consisted of a micrometer screw to which^ an electric 
contact piece was attached, and in screwung this mici'cmeter 
screw until contact was obtained, which was evidenced by 
the ringing of a small elective bell, I could ascertain the 
exact amount by which the diaphragm was being depressed 
or raised by the natural balance of the two forces — the 



elastic force and the gravity force ; but this mode of read- 
ing was inconvenient, it required great care on the part of 
the observer and did not furnish a ready indication of 
the state of gravitation or of the depth of the sea below 
the instrument without fii'st going through this operation 
of the contact. The arrangement which I have 

now adopted is of a much simpler kind. The mercury 
ascends into the cup up to nearly its upper sui-faee, the 
remaining space is filled up by water, and the water ascend- 
ino- into the spiral tube upon the scale carries with it an 
air-bubble, and it is the position of the air-bubble in the tube 
which gives me the indications of the state of the instru- 
ment. It will be readily seen that the amount of depression 
in the cup will cause a proportionate motion of the bubble 
in the cylindrical tube, and hence the amount of motion of 

K 2 
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the bubble upon the scale furnishes a correct indication of 
the amount of action due to the increased or diminished 
force of gravitation on the instrument — all other conditions 
being equal. Another cause of disturbance on the instru- 
ment is due to the pumping action of the ship. A ship in 
going over the ocean, as we all know — some of us from 
unpleasant experience — has an upward and downward 
motion 3 and disagreeable as it is to us, it is still more 
disagreeable to this instrument, unless it is so arranged as 
to represent a good sailor. The mode in which this difficulty 
has been dealt with consists in stopping up the upper end of 
this tube, leaving only a very small cylindiical perforation 
for the how of the mercury in one direction or the other. 
The diameter of this hole is only about one- tenth of a 
millimetre, and in that opening we still find a pumping 
action equal to about 10 millimetres on this scale — that is 
to say, when the ship goes up and down this air-bubble 
moves 10 millimetres to and fro, and we have to get our 
reading by taking the mean between those two positions. 
If this motion was much greater than 10 or 15 millimetres, 
it would be difficult or impossible to get accurate readings 
while the ship was in motion, but it is not so difficult to get 
the true reading with a variation of so small an amount. 

It was important to ascertain what the infiuence of 
latitude was upon this instrument in order to get the true 
comparison between the infiuence of latitude and the 
infiuence of depth, and here I have met with a result which 
requires further explanation. The infiuence of this instru- 
ment moving over a varying depth of the sea has been well 
ascertained in sending it several times across the Atlantic 
ocean. I have also tried to get the infiuence of latitude 
determined by sending it to Brighton, back to London, and 
up to Scarborough ; and I have observed that while the 
infiuence of the depth of the sea is rather in excess of 
what our calculations had given, the influence of latitude is 
less than calculation would imply ; and it remains to be 
seen how these discrepancies can be explained. But so 
much is certain, that according to all obsei'vers, the gravi- 
tation on the sea-shore is infiuenced by a variety of causes, 
such as the attraction of continents, the density of the mass 
immediately below ; and I have no doubt that further 
observations will clear up this apparent discrepancy. I 
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have also taken the instrument up a certain height — to the 
clock-tower of Westminster for instance — and have ob- 
served an influence which was nearly equal to what calcu- 
lation implied, although in taking such an instrument up 
the clock-tower it is impossible to avoid some disturbing 
influences which render the result of a few observations 
less reliable than might be wished. 

I will now refer to the results of actual observations 
taken several times across from this country to America, 
on board the steam-ship Faraday, The instrument was 
suspended near midships, and observed from time to time 
while the sounding-line was let down to obtain the correspond- 
ing actual measurement of the depth. The results by the 
bathometer and by Sir William Thomson’s sounding-wire 
are placed in parallel columns, and the differences are not 
great. There is enough to show that the instrument gives 
indications which in all cases approach very nearly to the 
actual results of measurement. We find in all these cases 
that the instrument and the sounding-line agreed within 
something like 5 per cent., and I thought that a very 
satisfactory result considering the instrument is a new one 
and defective in many respects, and as we are all new in 
the use of the instrument. There is also another set of 
observations which have been sent me from ISTova Scotia, 
lately taken by my nephew Mr. Alexander Siemens, and 
they show the same close agreement between the two modes 
of measuring in smaller depths. I should here obseive 
that it would be impossible to obtain exactly similar results 
in reading this instrument, and in measuring by means 
of a sounding-line, because you really measure different 
quantities. The sounding-line gives the depth immediately 
below the ship, whereas this instrument gives the average 
depth over a certain area, ISTow this average depth over a 
cex'tain area will coincide with the actual depth below the 
instrument if the sea-bottom is on a general slope. The 
greater attraction at the rise of the slope will be balanced 
by the lesser attraction where it descends, but if the sea- 
bottom is irregular — ^if there are rocks projecting from the 
bottom — ^t he sounding-line may accidentally come upon a rock 
and give a small depth, or may accidentally fall beside the 
rock and give a greater depth : whereas this instrument 
would give the same depth, whether it was exactly over the 
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rock oi* beside it. And in one way I consider that tb© deptbs 
given by tkis instrument are moz'e valuable than tb© others. 
You do not want to know what is the accidental depth — 
if there is a big stone just under the ship ; but you want 
to know the depth of the ocean^ and this gives it more 
correctly than a sounding-line. 

I have now endeavoxu’ed to give you a short account of 
this instrument, and befox'e concluding I would add a few 
words regarding its possible application. . I have at the 
outset observed that my attention was directed to the mattei- 
from the necessity I felt for getting even approximate 
indications of the depth below a cable-laying ship ; but 
would not such an instrument be also of considerable use on 
board an ordinary ship % Suppose that we knew the con- 
figuration of the bottom of an ocean — say of the Atlantic — 
more accurately than we do at present, and that a ship 
with such an instrument on board were to start from 
America to come to this country ; suppose gales supervened 
and that the state of the clouds made astronomical obser- 
vations impossible, and this continued to be the case for 
days together, such an instrument would give the navigator 
at all times an account of the depth below him, and if he 
traced his line over the ocean according to his dead-reckon- 
ing, coupled with observations of this instrument, it would 
be almost impossible to lay down two lines that would 
answer to the two obseiwations. The variations of depth 
together with the direction of the compass and the dead- 
reckoning would give him with very considerable precision 
the position in which the ship was at any moment, because 
if he assumed that gales had driven him away from his 
course, it would be impossible to find in any other latitude 
the soundings correspond with the indication of the instru- 
ment ; and more particularly in approaching the opposite 
shore the navigator would obtain from such an instrument 
a very fair indication, not only of his distance from 
shallower waters, but, through the ratio of variations 
shown by the instrument, the exact position at which he 
approached the land. It is on that account that I believe 
this subject is well woi'th following further in order to make 
the instrument perhaps more compact and more pex'fect in 
every respect, so as to bxung it within the compass of the 
navigator; and if by this means the safety of navigation 
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can be increased, however much or however little, I think 
it is an object well worthy of eiBEort. 

If I may be allowed a few minutes more, I will refer to 
a coi^responding instrument for measuring horizontal 
attractions. There is an imperfect diagram suspended 
here and the instrument is down stairs. The object is to 
measure local attraction in a horizontal direction, and it 
serves to illustrate the principles upon which the batho- 
meter is based. There are two bulbs connected longitu- 
dinally by means of an iron tube, and the iron tube and 
the bulbs up to their mid -centre are filled with mercury. 
The mercury naturally will assume a horizontal position 
in the two bulbs, except when influenced by a horizontal 
force. Such a force would have a tendency to draw the 
mercury in the tube towards it, and this attraction 
exercised upon the column of mercuiy would cause it to 
rise in one bulb, and to descend correspondingly in the 
other. This difference of level could not be observed by 
any instrument ; but the upper portion of these bulbs is 
filled with spirits of wine, and the spaces filled with the al- 
cohol communicate by a glass tube with a single air-bubble so 
adjusted as to occupy any position in this tube on the scale. 
It follows then that any horizontal attraction which may 
affect the level of the mercury, in however small a degree, 
will force some alcohol through the tube, and carry this 
air-bubble with it over the scale to an extent exactly 
proportional to the horizontal attraction exercised ; and if 
the cross-section or area of the tube is made 30,000 times 
less than the area of the bulb, it follows that a rise of 
mercury of inch in the bulb would cause the air- 

bubble to move an inch ; and with such power of multiply- 
ing the scale we have succeeded in obtaining indications 
even of the weight of a single person passing from one side of 
the instrument to the other. It thus renders sensible 
the effect of our own weight in proportion to the enormous 
weight of the earth. It might even be supposed that a 
weighing-machine could be instituted, which being firmly 
mounted on a solid foundation, would give you indications 
of any passing weight in its vicinity ; but another appli- 
cation which may be a useful one, is to measure the effects 
of diurnal variations and the horizontal attraction exercised 
by the moon and the sun, — the force which produces the 
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tidal wave- Sir ‘William Tliomson takes some interest in 
tbds instrument, and lie will I kope on kis return from 
America take it up, witk tke view of getting some useful 
results suck as ke is best able to attain. 


BATHOMETER READINGS TAKEN ON BOARD SS. TARAJ^AY, 


October and November, 1875. 

March and Apinl, 1876 

Batbometer. 

Sounding. 

BifTerence. 

Bathometer. 

Sounding. 

Difference. 

201 

197 

-f- 

4 

90 

90 


99 

100 

— 

1 

94 

93 

4 - 1 

63 

54 

+ 

9 

95 

94 

4 - 1 

82 

82 



107 

101 

+ 6 

218 

204 


14 

105 

105 


78 

69 

-h 

9 




56 

54 

-h 

2 

64 

64 


55 

54 

4 - 

1 

64 

61 

4 - 3 

50 

56 

— 

6 

56 

53 

3 

47 

54 

— 

7 

66 

68 

— 2 

50 

58 

— 

8 

29 

27 

4 - 2 

66 

69 

— 

3 

43 

38 

4 - 5 

82 

73 

-h 

9 




56 

47 

*+■ 

9 




49 

46 


3 




80 

69 


11 




111 

100 

4 - 

11 




215 

200 

4- 

15 




69 

64 

4- 

6 




80 

80 






86 

86 






68 

76 

— 

8 




388 

353 

4- 

25 

j 



799 

698 

4 - 

101 




607 

503 

4- 

104 




2789 

2516 

4- 

273 




2388 

2320 

4- 

68 




1907 

1861 

4- 

46 




1615 

1700 


85 







INSTRUMENTS FOR EXPERIMENTS ON SOUND. 


LECTX7KE I. 

It is my intention to speak this morning on certain modes of 
eliciting, reinforcing, or distributing sound. Of course we 
cannot go into every such method — ^it would be impossible 
within the time allotted. ‘Wh.at, therefore, I propose to con- 
sider are the more scientific modes, which are not exactly 
musical, but such as are employed for experimental and com- 
putative purposes. The excellent classification given by 
Professor Clerk-Maxwell in the handbook of this Exhibition 
will be my guide. He speaks of vibrations and of waves ; 
taking first amongst such vibrations the physical aspect of 
acoustics. 


Vibration'S and Waves. 


PHTSIOAIi ASPECT OF ACOUSTICS. 

1. Sources. Vibrations of various bodies. 

Air. — Organ-pipes, Hesonators, and other wind instru- 
ments. 

Peed instruments. 

The Siren. 

. Harp, &c. 

. Drum, &c. 


Strings 

Membranes 

Plates 

Pods 


Grong, &c. 
Tuning-fork, &g. 
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2. Distributors. Air . Speaking-tubes, StetboscoxDes, &c. 

Wood . Sounding-rods. 

Metal . Wires. 

3. Pugging of floors, &c. 

4. Eeservoirs. Eesonators, Organ-pipes, Sounding-boards. 

5. Dampers of Pianofortes. 

6. Regulators. Organ Swell. 

7. Detectors. The Ear j Sensitive-flames, Membranes, Phon- 

autographs, &c. 

8. Tuning-forks, Pitch-pipes, and musical scales. 

]!!7ow of these we shall consider to-daj principally mono- 
chords, tuning-forks and sirens, under the former head, that 
of eliciting; in the second place, that of reinforcing and 
distributing, resonators of various kinds, and telephones. 
The latter perhaps might have been more distinctly specified 
in the title of the lecture, as what Professor Clerk-Maxwell 
terms distributors. Before, however, adverting to the means 
of eliciting sound, we can hardly avoid mentioning something 
as to vibration in general. We find it proceeding from 
ordinary pendular vibration up to the most delicate vibration 
of ether, on which rests the fundamental hypothesis of light, 
and we can observe this vibration in various ways. 

A very ingenious instrument is here contributed from 
abroad which enables you to combine one or more harmonic 
motions. The string is strained between two elastic terminals, 
both of which by means of electro-magnets can be set into oscil- 
latory motion. By putting the first alone into motion we 
get single vibration ; by joining and coupling up with it that 
at the other end, which can be rotated round its axis, we can 
combine another harmonic motion, either in the same direc- 
tion making complex vibrations, or at right angles, or indeed 
at any given angle; thus compounding it into various regular 
figures, ellipses, circles, and other curves such as were produced 
by Lissajous, 

Taking this end of the vibrating string first, I bring the 
battery in connection ; then straining the string to the right 
tension you will see very distinctly that it is vibrating in two 
segments forming a node at the middle point. The string 
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is studded with, small white points to enable it to he seen. 
Now if I put on the second magnet at the other end, 
turning it into the same circuit, and comhine the Tihrations 
of those two, the figure becomes much more complicated. 
There are three or four ventral segments, two different 
variations being thrown into the string at the same time. 
Then compound them still more by turning the second 
magnet round upon its axis and setting them in two rect- 
angular directions. A beautiful elliptical figure is formed 
thus by the vibrations in a horizontal direction at one end and 
in a vertical direction at the other. This apparatus shows 
the vibration of a string ; I will next demonstrate another 
means of combining the vibrations of reeds. This is a 
very pretty contrivance, contributed by Mr. Pichler, who 
kindly comes to assist me in exhibiting it. The instrument 
consists of a wind-chest with means of blowing ; above it there 
are two reeds, one fixed in the vertical and the other in a 
horizontal position ; by shifting the bearing of one reed it can 
be made to double its length, so that the vibrations shall be to 
each other in any ratio from that of unison down to an octave 
below. We can pass through all the intermediate figures. On 
each reed is placed a small mirror, and here is a limelight, the 
beam from which falls first on the mirror of the upper reed, 
it returns and is reflected on the second, whence it is thrown 
on the screen. Whilst the mirrors are still, the spot of light 
on the screen is motionless ; when we set them vibrating, the 
one in a vertical direction gives a vertical line of light, when 
the other in a horizontal direction is added they combine their 
two harmonic motions and give beautiful curves, which I have 
already named. The circle denotes unison ; the varied figures 
are produced by varying phases and velocities at the two 
reeds. 

Strings were the earliest sources of sound and were the first 
used for acoustical experiments 3 indeed, in ancient Greek 
times determinations were made of the laws of sound from 
strings, which are generally attributed to Pythagoras, though 
Mr. Chappell in his erudite work concludes that Pythagoras’s 
information came originally from Egypt or even can be traced 
back to Babylon. At any rate, by Euclid’s time a very 
perfect knowledge of the laws of strings had been attained. 
Euclid wrote a work called Sectio Ganonis, fche division of the 
string or monochord by which all these ratios are obtained. 
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From tHs time we Fare a long gap until we come to the age 
of Galileo; but even in Greek times the simple ratios and 


Octave. FiftK 



Fourth. 


O 









Fig. 1. — Optical curves. The octave, foui'th, and fifth. 


parts of the string were well known. I have placed these on 
a diagram there just as a reminder, because we shall have to 
speak again to-morrow of a different form of numerical calcu- 
lation not involving ratios ; to-day I wish to bring before 
you the ratios and nothing more. Ton can see how these 
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ratios would have produced by a geometrical method those 
beautiful figures projected on the screen. The principal 
ratios are : — 


the octave 

fifth 

fourth 

major third . 
minor third . 
major tone . 
minor tone . 
major Semite ne 


2 to 

3 » 

4 „ 

5 » 

6 „ 
^ 3J 

10 „ 
16 „ 


1 

2 

3 

4 
6 
8 
9 

15 


I have also 'WTitten down in small figures below (I do not 
•wisb. to confuse you with them to-day, as I shall have to say 
more about it to-morrow), the ratio of the comma, a compu- 
tational interval, 81 to 80 : this at present I will pass over. 



Fig. 2.— JVlonociiord. 


I will now proceed to show the monochord and the different 
ways of using it. There is in the South Kensington Museum 
an old monochord by Broderip and Longman^ which 
was intended for persons to tune their harpsichords. It 
consists of a small string with definite marks placed under 
it to which you can set a fret or stop to check the vibrations. 
There is also a little harpsichord ^^jack’' by the side, a 
piece of quill, the predecessor of the pianoforte hammer, by 
which the string was plucked. Here I have a monochord 
a metre long divided into decimetres and centimetres with 
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bridges at the end and pegs by which these strings can be 
strained, either by twisting wrest-pins, or by adding weights. 
Now adding weights is very mnch the better plan for 
experimental purposes, and it was the plan employed by 
the father of all enharmonic instruments, CoL Perronet 
Thompson, whose organ is exhibited in the Loan 
Exhibition and of which I propose to speak to-morrow. 
Weights have a great advantage in a monochord, because 
the raising of the note of the string is not in simple 
ratio to the weights you add, but in that of their square. 
Eor instance, if I load the string with a certain weight, two 
of these separate blocks, and then add two more, I do not 
raise it to its octave or anything lil^:e it. The advantage is 
that accidental variation in the stretching weight causes only 
a comparatively small error. A monochord of this kind 
was used by Perronet Thompson for tuning the pipes of his 
enharmonic organ. He chose stouter wire and very heavy 
weights, sometimes more than 250 lbs. since the best steel wire 
will stand that weight ; against the notes so produced he cut 
the pipes of his organ the right length by getting unison. 

Some considerable time ago, an ingenious gentleman of the 
name of Griesbach carried this contrivance of the monochord 
stiH further. He not only measured the ratios of tones but 
contrived a method of drawing and printing them ; this in- 
strument we have in the Exhibition. We have also several 
smaller monochords of Mr. Griesbach^s. Here is one with a 
scale of aliquot parts very elaborately made to measure. 
Here is a string with fixed points upon it by which the 
tempered scale of the octave can be accurately obtained. It 
is an independent reproduction of Broderip’s instrument. I 
wish to call your attention particularly to this large instrument. 
It has a double-bass string, stretched along this bar of wood, 
■with a sounding-box, and there is a means of tightening it by 
a screw. Here is a very ingenious rotating bow ; somewhat 
damaged by time, but of which the principle can still be 
seen. A piece of vulcanized Indiarubber is covered with 
horsehair and then, being passed by means of rollers over 
the string, it gets rid of the great difficulty experienced in 
using strings for tuning, namely, the evanescence of their 
tone. It is curious to see later discoveries anticipated 
by an ingenious man whose labours have been somewhat 
overlooked. He did more; here again anticipating modern 
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instruments, he placed a paper and a tracing-point, with 
blackened tissue behind, so that when the string vibrate d the 
point pressed against the paper and produced curves. You 
thus can not only measure the string and get the ratios, but 
you secure permanent vibrations by means of the rotating 
bow, and you can also print them ofi on a strip of paper which 
travels slowly in front by means of the hand, or as here, 
by means of a weight, so as to bring it gradually past the 
vibrator. 

There are other modes of exciting strings besides strik- 
ing them, such as by bowing ; of course many instruments 
act in this way. For observations of an acoustical cha- 
racter bowing is not so good ; it is apt to produce partial 
vibrations. We may also excite strings by the impact of 
the air. There are specimens of struck strings in the piano- 
forte actions which are exhibited. Bowing you are all 
probably familiar -with. The impact of air, if not entirely a 
new discovery, has only lately been put to practical use. I do 
not propose to go into it to-day, because my friend Mr. Baillie 
Ham;^con will deliver a separate lecture upon what he terms 
^^seolian'' modes of producing sound, in which the combi- 
nation of a string with a reed brings out new and beautiful 
characters of tone. Strings when struck produce many upper 
partial tones, according to the place where they are struck, 
according to the natm’e of the stroke, and according to 
the density, rigidity, and elasticity of the string. I must refer 
you to Helmholtz’s great work for further details on that point ; 
only noticing what pianoforte-makers have discovered by 
experience, and what Helmholtz has explained theoretically, 
that if the hammer strike the string in the pianoforte at 
about one-eighth or one-ninth from one end certain dissonant 
upper partial tones are excluded and a much finer effect is 
secured. The second form of bowing the string, as illus- 
trated in violins and other instruments, was examined by 
Hehnholtz by means of what he terms the vibration mi- 
croscope, an ingenious plan for producing to the eye of 
a single observer exactly what I have shown you on the 
screen. He sets a string into vibration, fixing a small grain 
of some white substance, generally starch, on it, and looks 
at it through a microscope which, instead of having a 
fixed object-glass, has the object-glass mounted on the prong 
of a tuning-fork. That tuning-fork is made to vibrate in 
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the transverse direction to the string. Here again we have 
the same composition of harmonic motions which I have 
already shown you, one instrument deflecting the ray laterally 
and the other vertically ; so you get regular figures, which 
become steady when unison or concord is going on, but which 
flicker into innumerable changing lines when dissonance is 
present. In this way he was enabled to analjT'se the vibrations 
of a violin string in motion, and remarked that regular figures, 
free from jumps, starts, and abrupt changes — smooth vibra- 
tions, in fact, such as you saw just now — were more easily 
obtained from fine old instruments than from raw modern 
fiddles. This is very curious, because it has always been a 
great question of doubt and difficulty why old violins pro- 
duce a so much finer tone than modern ones. I have endea- 
voured myself to utilize this observation of Helmholtz by 
rendering the sound-board of the fiddle more homogeneous. 
Here is an instrument to which the contrivance is apj)lied so 
as to get the sound transmitted more nearly like that of a 
fine old instrument. I cannot go fully into the question of 
tension bars, but I find better effect is produced by putting 
strengthening bars along the belly of the fiddle, so as to make 
it more homogeneous without adding materially to its weight. 
Helmholtz also found that the interior of an old fiddle adds 
resonance by the body of wind it contains ; I have here an 
old violin, and an old tenor ; if we blow into the body as into 
a wind-chest we can repeat his observation ; we can use it, in 
fact, as a sort of whistle or organ-pipe ; of course it gives a 
rough note, but still you can hear the pitch of it. The tenor 
is rather clearer, and there is quite the difference of a tone 
between the two. The result of Helmholtz’s experience was 
that a Straduarius violin gives C, tenors a note lower, and 
violoncellos generally give F, or G, in the bass. 

I proceed next to speak of rods, bars, and tuning-forks, 
which are only exceptionally used in artistic music ; although 
there is an instrument employed by Mozart in the Flauto 
Magico to imitate the sistrum, with which Papagino is sup- 
posed to be gifted, consisting of metal bars which strike a 
scale of high notes — ^it is called a gloclcenspiel. This is only 
an exceptional case to produce a particular effect, but I can 
show you the character of such notes by means of a steel bar. 
If I take this bar of cast steel and strike it on one end, you 
hear first of all rather faintly the fundamental note such as I 
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get by striking it across, but you bear also intensely bigb 
upper partial notes which sound Tery persistently, so that 
even in this large room it will be possible to hear an exces- 
sively high note above the range of the highest piccolo that 
ever sounded ; and it will continue for several seconds after 
the blow. If the bar or rod be supported at more than 
one point it forms the usual harmonicon. We have here 
two very remarkable instruments of this character ; one is 
on the plan of a musical-box. It is very singular that this 
should have been contrived so well by a half-savage tribe 
in Angola, that you can get a perfect scale out of itj the 
bars of metal are supported at one end on a resonance-box 
of wood, there are also feathers under them, but they are 
connected with some fetish superstition. Passable music 
might have been got out of this. Here is another which I 
find in the Exhibition, which may be recognised as one of the 
various attempts at wood harmonicons. These instruments 
have been formed of all sorts of things, of wood, stone, glass, 
and metal. A clever little boy was brought forward some 
years since to play what was called a xylophone,” which con- 
sisted of pieces of hard wood i on which he really performed 
very creditably. Then there was the rock harmonicon ” 
which I can remember in my early days, and the glass har- 
monicon you must know very well. The one I show is a 
wood harmonicon. It is formed by adding resonators of 
a very ingenious kind to bamboo blocks. One of these ,„h^s 
unfortunately been broken in carrying it over, but that same 
accident enables us to look at the mechanism. The resonators 
are formed of gourds or calabashes, outside which is put a 
little ear-trumpet to act the function of the pinna of the 
human ear, to collect the sound ; in the hollow of this I 
discover a small membrane, a piece of thin material resembling 
goldbeater’s skin, intended to reinforce the sound. Here then 
is one of the last discoveries of Helmholtz anticipated and 
utilized in the wildest parts of Africa. We have other more 
developed forms of this instrument, such as the musical-box, 
which is excited by mechanism. We have the vibrating bar 
partially producing the sound in the Jew’s-harp, and regulating 
the vibration of a column of air in the harmonium. The 
form I wish to speak of to-day is the tuning-fork. 

Tuning-forks form a great portion of the experimental 
apparatus of acoustics. They may be looked upon simply 
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as double rods vibrating in opposite directions, and tbus dis- 
pensing "witb a firm fixture j because one vibration counter- 
balances the other. A single rod of course transmits its 
vibration to the support, unless it be very solid, but in a 
double rod this is not so. When they are struck alone like 
the bar of steel -which I sho-wed you just no-w, they give very 



Fig. 3. — ^Vibrating Bar. 


high secondary tones. "When I hold this and strike it, yon do 
not hear more than a high ping, * thongh there is here a 
slight sound of the fundamental note. This we can reinforce 
till it becomes of considerable value. Tuning-forks are 
amongst the instruments whose use has extended from sound 
into other branches of physics, after a pleasant fashion of 
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reciprocity. They have been employed of late years as a 
measure of time ; their pendular vibrations are so regular, so 
accurate, and so easily adjusted to any one period of vibra- 
tion, that they furnish an admirable means of measuring 
small intervals. Here is a beautiful instrument contributed 
by the Trench Conservatoire des Arts et Metiers, in which a 
tuning-fork has been constructed for that purpose. It has 
little stiles attached to the prongs, and as it vibrates they 
touch a piece of blackened paper which runs slowly past 
them. The tuning-fork makes an undulatory line upon it, 
which is the harmonic motion as it were unfolded. Another 
stile beside the first enables you to mark any instant of time ; 
for example, the passage of a star across the wires of a tele- 
scope, and to measure the exact period at which this took 
place by counting the number of pendular vibrations which 
the tuning-fork has made since a given period, previously 
marked on the paper. Acoustical instruments have also 
been found useful even for the measurement of the rapidity 
of light ; the coarser form of vibration serving to measure 
the quicker and more ethereal. Foucault’s beautiful instru- 
ment for measuring the rapidity of light is in the Loan 
Exhibition, and you will find that it is worked by the instru- 
ment which I shall speak of presently, namely,^ a small 
siren. He found that the best plan to make a mirror rotate 
at the enormous speed required, was to attach it to a small 
turbine or siren played by steam at a high pressure ; as it 
rotated more quickly so the note went up. The number of 
vibrations is easily known from the pitch of the note ; and 
he could thereby say how many times in a second the rapidly 
rotating mirror was revolving, simply by taking the pitch of 
the siren which was going round with it. 

When turdng-forks are struck alone,* as I said, they give a 
very feeble note, but we can alter this by combining them 
with some resonator. The usual resonator is a box contain- 
ing a body of air ; but Helmholtz has pointed out that a 
string can be made to perform the same function. The 
arrangement of the string is a little elaborate, but everybody 
knows the plan by which tuning-forks are fastened on a 
resonance-box, and the moment it touches it, it gives the 
tone ; of that I . shall speak again. The weak point musically 
of tuning-forks is, the very evanescent character of their 
sound. It is troublesome, the moment you have struck 
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it, and are fully occupied in tuning your instrument, for 
the note to fade away and die out. We may partially get 
over this difficulty by bowing them with a double-bass 
bow, but the highest tuning-forks are difficult to bow, and 
the best plan, which has been carried to a great pitch of 



Fcg. 4. — Tuning-fork on box. 

accuracy by Helmholtz, is to excite them by electricity. An 
intermittent current is made to pass through one prong of 
the fork by means of a stile and mercury cup, enabling the 
•prong to close the circuit. An electro-magnet pulls by its 
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attraction on tlie prong of tlie fork, breaking contact by so 
doing ; a fresb contact is tlnis made, and so tbe fork is kept 
in permanent vibration. I bave here an apparatus which I 
have made for this purpose (you will excuse my mentioning 
that much here shown is the work of my own hands). 
When the magnet is formed, it separates the prong and lifts 
the stile out of the mercury cup in so doing ; the fork is 
now in vigorous vibration and produces a note, which at 
present you cannot hear, but by bringing a suitable resonator 



to it you will hear it distinctly. In that way Helmholtz has 
been able to keep eight or ten forks all vibrating from one 
principal fork. Here is one of these principal forks, sent 
from Paris, having a mercury contact upon it, and there is 
also a series of secondary forks which have only the electro- 
magnet and which can be thrown into secondary vibration 
from this ; you can thus reproduce the various vowel sounds 
which have been explained and demonstrated by Helmholtz. 

I have next to speak of sirens. This fanciful name was 
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given to these instruments hy Cagniard de la Totir, “because it 
is said to sound under water. I never heard myself, although 
I have read in the Odyssey^ that those charming though dan- 
gerous young ladies named did sing under water, but I 

believe that is the derivation of the word, and I leave it as 
I jSnd it. Sirens are entirely unknown as musical instru- 
ments, though they have played an important part, not only in 



Fig 7 — Seebeek's Siren. 


acoustics, but in tbe investigation of light ; singularly enough 
they are used for saving life. In going over the Exhibition 
galleries yon -will see some enormous steam sirens wherein 
you can study the arrangements. They are intended to be 
blown on the coast by means of steam, and to send out to 
sea a powerful sound warning mariners away from dangerous 
rocks. The simplest form used in the laboratory is a rotating 
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disc of cardlDoard pierced witli a numlDer of holes at regular 
intervals* It is made to rotate in front of a small wind-chest 
in which there are keys so that a stream of air can he directed 
against any particular ring of holes. The form adopted by 
Cagniard de la Tour merely makes these holes vertical, and 
has a little pipe coming up. A still more perfect form is Dovers 
polyphonic siren, wMch has been perfected by Helmholtz. 
Here is Seebeck's siren. I make it rotate, and open the 
little keys, and you hear the different tones. As I drive faster 
the notes rise up sharper and sharper. It gives, however, a 
very feeble and wretched note ; the object in the latter in- 
strument has been to produce a more powerful one. This 
double siren cannot be said to err on the side of lack of power. 
It has two perforated rotating discs on one axis, each con- 
nected with wind-chests, which are covered by outside boxes, 
so as to give more pmuty to the sound. The lower wind-chest 
is fixed, but the upper can be rotated upon its axis. Each of 
them contains four rows of oblique holes, and each of these 
four rows of holes can be brought into operation by touching 
a valve which draws in and out. These instruments require 
very great wind pressure; we have now a pressure on the 
bellows of more than one hundredweight ; equal to a column 
of twenty-six inches of water. When this high-pressure 
wind is allowed to pass through the oblique holes in the wind- 
chest against the corresponding holes in the rotating disc, the 
latter is soon set into rapid motion. At first a series of puffs 
is heard, as the two sets of holes coincide and interfere, but 
these soon merge into a continuous hum, and mount into a 
note, which rises steadily in pitch as the rotation becomes 
more rapid. An attached counter enables the speed to be 
measured by means of a watch. If you examine the ratios 
as I have written them down on the black board, you will 
find that on the lower disc there is a row of eight holes, 
outside that a row of ten, then a row of twelve, and then a 
row of eighteen. These give us, if you take C for the lower 
note, E, G, and H, On the upper disc there are 9, 12, 15, and 
16, which give I), G, B, and the upper C. We can thus get 
unison by taking the two G's ; an octave hy taking two C's, 
a 5th hy taking 0 and G, and so we can work through the 
various consonant intervals. I have not time to demonstrate 
these facts fully, hut I will consider one or two. Starting with 
unison on the two discs, I rotate the handle moving the top 
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l^os, wliilst the lower one is sounding ; you will hear that the 
sound rises and falls according as the phase of the vibration 
on the top disc is similar to the lower one and reinforcing it, 
or opposite to it and antagonizing it. In each rotation you 
thus get eight spaces^ four' of the loud, and four of the 
feeble sound. I can also show you the beats which arise 
from slightly altering the pitch of the upper tone by slowly 
rotating the upper box by means of the handle, the tone 
becoming flatter when the direction of revolution is the same 
as the disc, and sharper when it is opposite. You hear the 
beats very distinctly. These beats involve a most important 
question of acoustics which must be reserved to the next 
lecture. We thus reach the second part of the subject, 
namely, reinforcement and distribution. 

Now reinforcement is common to all kinds of vibrations, 
it even occurs in the child’s swing. When a child swings 
itself it reinforces the action of the swing by slight muscular 
exertion. It occurs when peals of bells are ringing. Any 
one who has been at the top of Magdalen Tower at Oxford 
on the 1st of May, will have noticed that when the bells 
begin to ring the top of the tower rocks lilce a ship in a storm, 
people have even felt as if sea-sick. Although there is this 
pendulum motion, like that of a rod or tuning-fork, the 
tower is particularly safe, for it shows the foundation to 
be solid, the vibration occurring in the limestone which is 
elastic. The same reinforcement occurs when soldiers cross 
a suspension bridge. The rule is that when a regiment has to 
go over a light bridge they break step. If they march 
together the effect has been to injure or throw down the 
bridge. Eeinforcement may be defined essentially as a gentle 
force, acting periodically, as when one pulls a heavy hell ; 
each individual pull will not raise the mass or anything like 
it, even with your whole weight ; hut you keep on, reinforcing 
the vibrations of the heU, taking the period of the swing 
and giving each time a gentle impulse, and this gentle force 
acting periodically becomes magnified into a very great one. 
Generally speaking reinforcement in sound is correlative with 
the power of producing sound. All sounding bodies also 
reinforce, hut some have been divided off by Clerk-Maxwell 
into what he terms distributors. Others again have the 
power of singling out particular sounds for reinforcement. 
You may hear this going on in many places. If you take up 
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one of these forks even while I am. speaking to yon, yon 
can feel the particnlar notes that I speak of; it seems to 

vibrate when a certain note occnrs. The same with a drnm 

while I was speaking I conld feel distinct vibrations in the 
drnm as each word came out of my month. The same with 
a piano — if you take off the dampers and speak into it, and 
then stop suddenly, you hear the piano singing out loudly 
with a sort of hum, the notes which you have been speaking 
or singing. Or even more simply than that. If any of yon 
happen to be at a musical performance such as the opera, and 
put your finger on the top of the crown of your hat, you will 
find it acts like a membrane to reinforce particular sounds, 
giving a regular vibration ; and then another note to which it 



Pig. 8. — Helmlioltz’s Kesonator. 


does not con senate comes up, and the hat is still ; so that the 
hat itself seems to be enjoying the music after its fashion. 
This propensity for singling out sound has been utilized by 
Helmholtz in making Ms resonators. He originally made the 
resonators, of which I have two sets here, with external 
membranes very much like this old marimba, but afterwards 
he found he could use the drum of the ear for the same purpose 
by making the cavity of a particular size, so that themselves 
speaking a certain note, they will single out that note from 
all others and reinforce it largely. Here is one which is suffi- 
ciently vibratile to give when struck a note like that of a bell, 
corresponding to the tone of E with 320 vibrations. Wken 
I speak that note you will hear it, and when I go down 
another note it ceases altogether. Here is another answering 
to G, and another- to the upper C with 512 vibrations, and 
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so on. Here are otliers arranged for all sounds. Even as I 
am speaking, if you take a few and try them, you will hear 
as I fall on the particular note in the inflexions of speech 
the tube reinforces it. The human voice is very full of 
harmonics, and if I sing the low C different persons holding 
these resonators will hear the upper partial notes that I 
unconsciously produce at the same time as the grave note 
that I am consciously singing. In this way Helmholtz 
accomplished that wonderful feat of analysing the tones of 
different instruments and showing what musical quality 
depends upon, a fact which was never appreciated or under- 
stood before. 

How I have to speak of distributors. These are mentioned 
by Clerk-Maxwell as air, wood, and metal. The third form, 
the metal, has lately been revived in a very pretty toy which 
is being sold about the streets, and is called a telegraph. It 
is merely a couple of resonators made of pill-boxes or little 
boxes of tin, with a wire-thread passing between them. Any 
words spoken into one of these are perfectly audible at the 
other end. The first mode of distribution by means of air 
hardly needs much said about it, because it is happening at 
the present moment as I am speaking to you. 

The second deserves a little illustration ; the more so as it 
was studied by an illustrious man lately dead, Sir Charles 
"Wheatstone. W e have the original mechanism here by which 
he performed the experiment. This curious, classical-lyre- 
looking thing is the instrument he used in his form of the 
telephone. His distributors were simply bars of light deal. 
I have constructed a long bar of the kind with four pan- 
tile laths, along the side of the room, and I find even in 
this considerable length they convey the sound of a tuning- 
fork to this resonator very well. I will ask my assistant to 
strike the fork in the air and you will not hear it at all, but 
when he applies it to one end of the wooden rod, and I apply 
the other end to this resonator, you all hear it distinctly. 
The lyre down here is speaking the note produced at the top 
of the room. More than this, tactile sensation, as I have always 
contended, is shown to be continuous with aural sensation, 
for if I take hold of this rod while the tuning-fork is sounding, 
I can not only hear th.e vibration but I can feel it perfectly 
well at the same time ; thus it is sensible to my auditory and 
tactile nerves transmitted through the length of wood. It is 
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Yery singular that this apioaratus should not only reproduce 
pitch but also quality. When it was tried many years ago 
at the Polytechnic, some of you may recollect a hand of 
players was placed in a lower room, each playing his own 
instrument, and to each instrument was attached a long rod of 
deal. These rods, after passing through the floor, were fixed 
to harps in an upper room, and when the players played, one 
harp, standing before you by itself, seemed to play a Tiolin, 
another a clarionet, another a double-bass, another a piano, 
the sounds being conveyed through the rods of wood and 
giving not only the pitch, but actually the musical quality of 
the generating instrument. 

Lastly, I have to mention a perfectly new and very remark- 
able distributor of sound in the shape of electricity. It has 
long been known that a rod of iron when magnetized by a 
galvanic current gives a peculiar clink ; that I propose to show 
you first. 

I have put the clinking apparatus in the middle of the 
room. It is a rod of iron surrounded by a long coil, and 
here I have the means of passing a current through tlie 
coil ; the current first passes through a harmonium reed, a 
wire attached to the vibrating end of which dips into a mer- 
cury cup, so that rapid vibrations can be produced. I can 
transmit the vibrations of the reed up into the coil and thus 
intermittently magnetize the bar of iron. Those who are 
near it can hear the clinking no doubt, though it is faint. 
That clinking rises to a musical sound when the intermissions 
become more rapid. 

Some years ago Reuss utilized this. His plan was to have a 
small box, such as I have here, with the vibrating membrane 
at the top connected with a battery. If you speak into the box 
and the membrane vibrates, making an intermittent contact, 
the vibration is reproduced at the other end of the circuit, as 
you will hear when I sing into the instrument. The tone is 
now reciprocated by the receiving instrument at the other end. 
That is an early stage of the telephone. I am proud of being 
able to show (through the kindness of Mr, Latimer Clark) 
the new instrument invented by Mr. Elisha Gray, of Chicago, 
which has come over for this Exhibition. There are four 
springs, vibrating like tuning-forks, which are kept in motion 
by electricity. They give the common chord. Then there 
is an arrangement by which the vibrations that each of them 
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seads off can "be transmitted tlirongli the line of wire to the 
distant receiving instrument. There are the four notes of the 
chord, and you can distinctly hear the pitch of each particular 
note sent from one end by means of a key, repeated at the 
other end of the wire. This is a very remarkable transfor- 
mation of energy. What we have done before is compara- 
tively easy to understand. We have sent the actual vibra- 
tions of a sounding body through thin pieces of wood ; but 
in this instrument we have transformed vibrational energy 
into another form of molecular force, electricity, one which 
we consider to be probably vibratory, though the point is 
still suh jiidiae; then we transmit the force along a metal wire 
miles away, and at the further end we are able to re-analyse 
it back into sound vibrations once more. It is likely to prove 
of very great value practically. For instance, certain receiving 
instruments will only respond to their own forks, and in 
telegraphing you will easily understand how it would keep 
perfect secrecy. In military service it would be possible 
to have a telegraph set up like this, so that you, carrying 
the right receiving instrument, would not be liable to what 
was often done in the American War, namely, to have a 
wire ^Happed and the messages carried off by the enemy. 
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LECTTTEE IT. 

To-day I have, at the request of the authorities, undertaken 
to give a brief analysis of a more difficult and more theoretical 
but certainly a not less important subject. You must excuse 
me if it is a little dry. Yesterday we had ab;mdanee of 
experimental assistance ; to-day much of our time must be 
occupied in even giving an outline of the subject, with figures 
and diagrams. 

The subject is musical instruments and temperament, or 
rather, temperament as applied to musical instruments ; and 
here at the very beginning I must notice that there has been 
much difference of opinion on the question. I find state- 
ments as opposite as these. CoL Perronet Thompson, of whom 
I shall have to speak further on, in his work on Just Into- 
nation says, “ The temptation under the old systematic teach- 
ing to play out of tune, was that performers might play with 
perfect freedom in aH keys, by playing in none ; hence the 
rivalry in the magnitude of organs, and sleight of hand and 
foot to conceal ; but a reaction is setting in, and the world is 
finding out that music is not in noise, hut in the concord of 
sweet sounds.” On the other hand Dr. Stainer, a most 
competent musician and theorist, who has published an excel- 
lent work on harmony, writes in this way, “ When musical 
mathematicians shall have agreed amongst themselves on the 
exact number of the divisions necessary in the octave ; when 
mechanicians shall have constructed instruments on which 
the new scale can be played ; when mathematical musicians 
shall have framed a new notation which shall point out to the 
performer the ratio of the note that he is to sound to the 
generator ; when genius shall have used all this new material 
to the glory of art, then it will he time enough to found a 
new theory of harmony on a mathematical basis.” Now I 
have once before demurred very strongly to this mode of 
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treating the subject, and since my original remarks at tlie 
conference I have had a little conversation with Dr. Stainer. 
Dr. Stainer, who, I need not say, is not only a most able, but 
a most unbiassed judge in the matter, quite admits that he 
does not hold those views so strongly as he did ; that he is 
beginning to think there is a possibility of just intonation, 
although he sees very clearly the mechanical difficulties which 
we all admit, and which stand in the way of its production. 

Going into detail as to what temperament is, we may define 
the object of it as being the division of the octave into a 
number of intervals, such that the notes which separate them 
shall be suitable in number and arrangement for the purposes 
of practical harmony. This will be probably new to many 
persons. The old form of harmonium, piano, and every keyed 
instrument, is so engraven on our minds from use, that most 
persons are quite unaware that there is any other possible ar- 
rangement. They may perhaps in a museum have occasionally 
seen a strange-looking instrument, stranger even than the one 
I have here, but they have passed it by, under the impression 
that it was incomprehensible or worse. Now the usual instru- 
ment which we are accustomed to, has of course its own 
system of temperament, and that temperament although not 
the oldest is certainly the simplest, and is generally called the 
equal temperament. It divides the octave, as you see in the 
harmonium, into 12 equal parts, or semitones. If it so hap- 
pened that the octave could be divided into 12 equal semitones, 
such that the other divisions, the 5th and the 3rd, should he in 
tune, it would he a very great boon, hut unfortunately nature 
has not so ordained it, and the first point which I wish to 
insist upon is what probably has not been conceived by every- 
body, that the discrepancy, the difficulties, the errors which 
we have to get over, lie, not in our system of music, hut in 
nature itself. Just as the diameter and the circumference of 
a circle are not commensurable to one another ; so the 5th, the 
3rd, and the octave are not commensurable. They do not 
come to actual agreement in an arithmetical way, and this is so 
very well given in Mr. Ellis's translation of Helmholtz's great 
work, that I will ask your leave to quote a few words. When 
speaking of temperament he says, It is impossible to form 
octaves by just 5ths or just 3rds or of both combined, or to 
form just 3rds by just 5ths, because it is impossible by mul- 
tiplying any one of the numbers f-, or |* by two, or either by 
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itself or one by the other any number of times, to produce 
the same result as by multiplying any other of those numbers 
by itself any number of times.*' The ratios, you recollect, 
of^ the different notes of the octave to one another were 
briefly mentioned yesterday, and I have left the diagram up 
there ; of course those ratios can be put in the form of frac- 
tions by putting the antecedent as numerator, and the conse- 
quent as denominator; so you easily form -f, &c,, as stated in 
Mr. Ellis's book. It is perhaps the simplest way of making you 
understand this incommensurability, to take a case. If we 
divide the octave into 12 equal semitones, of course the 5th 
ought to be seven of these ; but it was found out very early 
in the history of music that the 5th is a little more than 
seven of these. As a matter of fact a 5th is 7*01955, and 
consequently, taking 12 of these 5ths, they give rather 
more than 7 octaves. They do not come hack again to the 
corresponding octave of the note from which you started. 
This difference, or departure as it is termed, is the former 
figure multiplied by twelve. I will give you the multiplica- 
tion by twelve for simplicity's sake. We have *23460 of a 
semitone as the excess. This is an old discovery generally 
attributed to Pythagoras, and the figure is commonly called 
the comma of Pythagoras." What a comma is, I shall 
presently show you. But it is questionable, as I mentioned 
before, whether Pythagoras deserves entirely the credit of 
this discovery, or whether he merely imported it from Egypt 
or Babylon. At any rate the G-reeks knew, as I told you 
yesterday, of the monochord, the ratios to he derived from it, 
and of the divisions of the scale. Euclid wrote a work 
called the Sectio Ganonis^ or the division of the string, which 
contains all these given in very full detail. The 3rd of their 
scale was made in a similar way by fonr 5ths taken upwards, 
and that is still called a Pythagorean 3rd. There is then an 
incommensurability between the octave and the 5 th which is 
in nature, and this incommensurability when multiplied gives 
the interval we term the comma. The error of the Pytha- 
gorean 5th has been said, and is still said by some persons, to 
be too trifling to be noticeable ; that human ears axe unable 
to appreciate it, and that you can overlook it. I believe I 
can show you distinctly the opposite in two ways. I can 
show it on this harmonium where I can play two notes differ- 
ing by a comma, or by a smaller interval which I shall have 
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to speak of presently, a sdiisma; and I am going to ask a 
friend of mine wlio lias a fine tenor voice to sing a true in- 
terval, and then we will compare it with the tempered interval, 
as given hy the common harmonium. 

Here is Helmholtz’s harmonium, on which I can show you 
very clearly what is a comma — it seems to me very audihle, 
and perhaps Mr. Colin Hrown will kindly play us a comma 
on his instrument, and a schistna also. The schisma is only 
yyth of a comma, hut I think you will agree with me it 
can he distinctly heard. Now if my friend Mr. Jones will 
sing a perfect 5th we will have the note sounded on the har- 
monium, and I think yon will notice the difference distinctly. 
I admit the experiment is difficult, indeed only last night I 
heard it denied hy a great authority that it could be shown. 
{A true fifth above tenor Q was sung^ and the D of the tempered 
harmonmmt was shown to be distinctly flat to it.) Now the 
question occurs, what is the hest mode of getting over, of 
covering up, or in some way retrieving these inherent errors 
of the scale ? Ever since the early times of harmonic music 
different plans have been suggested, some of them of con- 
siderahle historical interest. The principal was what is termed 
the unequal temperament. It was used for organs in former 
times, and is now termed mean tone, or meso-tonic. English 
cathedral organs up to a recent period were tuned by this 
system, and traces of it can be found in the music written for 
them. Until lately I could have pointed out many organs, 
and I believe there are some still, tuned on this system. The 
organ of Canterbury Cathedral, with which I am somewhat 
connected, has only lately been shifted from the old unequal 
temperament, and the large organ in the Moorfields Eoman 
Catholic Chapel was only a few years ago tuned on the 
unequal temperament. If you look carefully at the music of 
the time, Purcell’s anthems, for instance, in Boyce’s Cathedral 
music, you will be able to notice that he palpably shirks 
certain notes ; he avoids Gr^ for instance, because he know 
G;^ to be a treacherous note on this old temperament. When 
the organ was altered at Canterbury a few years ago, some 
pipes had to be cut, and others had to he lengthened ; the 
lengthening was very considerable, the larger pipes had to have 
no less than two feet of metal stuck on to them, so as to bring 
them into tune. What was this unequal temperament then 1 
It was an attempt at getting the more common scales accu- 
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rate ; scales in common use were tuned perfectly true, or very 
nearly true, and tlie error was accumulated in otlier keys 
wMcii -were supposed to be less needed ; they were termed 
wolves. Of course, there was a consequent condition in 
dealing with this old tuning that the player should limit him- 
self to a prescribed circle, and should never modulate into 
these forbidden keys ; Afe and IB|!j were wolves ; I speak from 
memory, as it does not matter which, so long as you understand 
that some were excluded. This temperament had many merits, 
and some organists even of the present time prefer it to the 
equitonic. I am not at all sure that I should not prefer it 
myself. It specially had the advantage of retaining the third 
of the scale correct ; but it had' on the other hand the fault 
of flattening the very sensitive fifth to its injury. Of this I 
shall speak again, but I may show you a table which I abbre- 
viated from Mr. Curwen’s work, who I believe derived it origin- 
ally from Mr. Ellis, wherein I have put down the numbers re- 
spectively of the three temperaments. In the middle is the true 
temperament, there is the ordinary equal temperament on one 
side as used for pianofortes and harmoniums, and the unequal 
temperament on the other. 



Old. 

Just. 

Equal. 

c 

30103 

30103 

30103 

B 

27165 

27300 

27594 

A 

22320 

22185 

22577 

G- 

17474 

17609 

17560 

F 

12629 

12494 

12545 

E 

9691 

9691 

10034 

T> 

4846 

5115 

6017 

G 

• 0 

0 j 

0 


The reason that this system became insufficient for the 
needs of players dates back as far as the time of Each, who 
wrote a great work called The Well-tempered^ or Well-tuned 
Xeyhoard ; he therein aimed at getting perfect freedom of 
modulation into all keys ; hut the geniuses who first made 
use of this system and required it, were Mozart and Beethoven. 

VOL, II. M 
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They were the first to find tempered instruments, which 
established the possibility of going round from key to key, 
wandering in beautiful modulations wherever they wished. 
This perhaps led them into the practice, and the desire for 
it became so strong that they sacrificed a certain amount of 
accuracy to obtain freedom of motion. 

Before, however, we are in a position to compare the 
different systems of temperament, we ought to fix on a 
standard of comparison. You should understand that we 
are not dealing with ratios in speaking of this standard of 
comparison, but with absolute numbers ; I gave you the 
ratios yesterday. A ratio may remain large, fixed, and 
simple, whilst the component numbers upon which that ratio 
is founded dwindle down by degrees to infinitesimal 
smallness and fractional complexity, or they may rise to 
equally large values at the other extreme. The ratio and 
the number are different things altogether. It is somewhat 
singular that in these days the mistake of confusing these 
two should be made. But it has been made, and is continu- 
ally being made, therefore I feel bound to give you a 
warning against it. In dealing with absolute numbers we 
may employ two principal methods of estimating them. Wo 
may use the geometrical method and compare them as 
magnitudes, or the numerical, and compare them as numbers. 
The geometrical method can be shown very well in a large 
diagram kindly lent me by Mr. Ellis. This long column 
contains the four forms of temperament marked at the head of 
each column by their first letters. Here is the hemi-tonic, or 
equal semitone system; the just, the meso-tonic, or old organ 
tuning, and the Pythagorean systems follow. You will see that 
the length of the black, blue, red, and yellow, is made to 
designate each note, but as you go up and down the scale those 
lengths do not at all agree in the same place ; one overtops 
another, and in another place falls short, thus exactly measur- 
ing the inherent error of the scale winch we have somehow or 
other to get rid of. If they were all accurate to one another, 
we should not have that locking in of one with the other. 
That is the geometrical method of showing differences of 
temperament, but we may do it by means of numbers. That 
table admits of translation into numbers. I have one 
which I shall be happy to lend to any one who is interested 
.to copy. By the numerical method there are a good many 
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different ways of indicating the ec[Tial semitone system. We 
may take decimals, hut this involves long and unwieldy 
figures. Of course there is no reason why long and unwieldy 
figures should he unmanageable, hut some people are afraid of 
them. I will write out in full that Pythagorean comma of 
which I gave you before the first few figures. It is 
7*019550008654. Taking the third founded on that, it is 
3*863137138649. That would he rather difficult to recollect, 
though we have worse numbers than this to deal with ; for 
instance, the value of tt which is not only larger, hut goes 
on to all eternity and never stops. No doubt the first five 
figures of decimals would be sufficient for many purposes, 
but that is only an approximation. The question arises 
whether we cannot use smaller divisions than 12. Several 
methods, have been adopted which are very convenient. 24 
has been used, 31 is good, and also 50; 53 is remarkably 
good, and so is 118. I mean that instead of dividing the 
octave into twelve divisions, we may divide it into a larger 
number, and these are the several denominators or consequents 
of ratios which produce the best results. 53 is so good that 
I thought it worth while to make a diagram of it, and here 
is a scale of 53 divisions to the octave from C to c — • 


5 

c 


53 

9 

b 


48 

8 

a 


39 

9 

g 


31 

5 

/ 


22 

8 

e 


17 

9 

d ...... 

second 

9 


0 c? 

53 

By adding these together you get the other intervals. Por 
instance, if you take 9 and 8, and 5 and 9 together, they 
make 31, that is the 5th; or take 9 and 8 = 17, and that is 
the 3rd, the whole octave being divided into 53. Thi§ has 
another advantage, that you can show by it, in a very simple 
way, tbe comma ; you will find that the comma comes out to 
he just one of these divisions, -^rd of the octave. If you 
want to go to greater nicety, yon must take a larger numher 
of divisions, and of , that I have also given some illustrations. 

M 2 
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One of tlie iDest nnmlDers to choose is 30103, which, in the 
decimal foxm, is really the logarithm of the nuniher 2. We 
need not consider it as a logarithm, hnt simply treat it as a 
common nninber. If you separate the octaye into this large 
number of yery small divisions you can show all intervals 
with great accuracy, and even get the interval of a 
schisma. Taking the octave as 30 1 03, the fifth will be 1 7609 ; 
the comma 539, and the schisma will be 49, Some put it at 
48, but 49 has this advantage, that it is just 
comma. The table above is framed on the 30103 system. IsTow 
I am in a position to show you the comparison between the 
new and the old temperaments a little more closely. Here 
are three columns, one the just intonation, the second the old 
organ tuning, and the other the modern.^ The old organ 
tuning had one advantage, that it keeps the 3rd perfectly 
correct, 9691, the same as in just intonation, but you see how 
terribly that is thrown out by the equal tuning being raised 
to 10034. On the other hand, the fifth is a little 'wrong; it 
is more out than in the equal temperament. The mode of 
working this out deserves a little consideration. You divide 
the octWe into any number of intervals, of aliquot parts, 
which we may call m ; ^ of these make a fifth, t represent the 
major 3rd, and q represent the comma ; taking the logarithm 
of 2 which I have given in the form of a whole number, 
and dividing it by these, we get the closest possible cyclic 
approximation to just intonation. The cycle of 53, which 
has the advantage of simplicity, was first proposed by 
Mercator, who is known as the inventor of a plan for charts. 
This system was employed by Perronet Thompson, and has 
been fully carried out in that beautiful harmonium of 
Mr. Bosanquet's, which many of you may have seen in the 
galleries of the Exhibition on the other side. I did not 
think it desirable, as it is a bulky, heavy, and delicate 
instrument, to bring it over here, but you 'will probably have 
heard it played and explained by Mr. Bosanquet himself. 
Eor practical use there is no doubt that this 53 scale is the 
most perfect we can get without running on to a most 
impracticable nnmber of divisions in the octave. Whether 
it is the best for performance upon a playing instrument is 
an entirely ulterior consideration of which I shall speak 
presently. This 63 scale gives you an opportunity of seeing 
See table on page 161. 
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h-ow tlie comma of Pythagoras is got witlioiit ’oimecessary 
computation. 

Twelve Sths =31 X 12 = 372 
Seven octaves = 53 X 7 = 371 

Therefore the comma = 1 

On the larger scale the comma rises to 539, and the 
schisma to 49 or of the comma. 

Having now established onr standard, we are in a position 
to compare the various systems ; hut before doing so, without 
intending disrespect to anybody, I must remark on the 
complex nomenclature with which we have here to deal. It 
is perfectly astounding. I do not propose to go into all of it, 
but I may simply mention it to show you what names exist. 
Amongst them I find, Commatic, Pythagorean or Quintal, 
Mean or Meso-tonic, Commato-Skhismatic, Hemitonic, Skhis- 
matic, Skhismio, Skhistic, Cyclic, and Skhismo-cyclic. 
These words of course are of value for investigation, but 
there are too many, and they are too near to one another in 
sound for ordinary use. 

The difficulty, of course, which all these systems were 
made to meet, is that the advance of music requires free 
power of modulation from every key into every other, both 
of the major and minor forms. We can obtain this in 
two ways 3 either by a slight falsifying of the intervals, 
or by increased mechanism and an increased number 
of notes in the octave. These two views are very well 
represented by the two quotations I gave you, from 
Perronet Thompson and from Dr. Stainer. Dr. Stainer at 
the time took, and in great measure still takes the view, 
that the organ at present built is as complicated as it will 
bear being. Indeed, in speaking about it the other day he 
said that he should he very glad to adapt true temperament 
to the St. Paulas organ : but imagine the St. Paul's organ, 
which is now very large, with eighty-four keys in each 
octave ! St. PauTs itself would not hold the organ, much 
less the congregation. There is great truth in that. Mr, 
Bosanquet's harmonium has eighty-four keys to each octave, 
and if you multiply that by the number of stops it would 
become so utterly unwieldy that practically no one could play 
upon it. In the equal temperament, as I have said before, 
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the octave is divided into twelve semitones, and the result 
of this is that the fifths are a schisma flat. This is not a 
great flattening, Ibut the interval of the fifth is verj sensi- 
tive. It very soon heats, as it is termed ; that is to say, 
the interference of sounds caused hy the flattening of the 
schisma produces about one beat a second. On the other 
hand, the equal temperament disfigures the third very much 
indeed. It makes it seven schismas too sharp. The sixth 
also, which is a very peculiar and beautiful interval, and 
which has been called the sorrowful sixth — (if I am not 
mistaken, the bagpipes derive their peculiar wailing effect 
from the use of the sixth which occurs in the archaic scale of 
that instrument) — that sixth is disfigured very much. The 
number is 22185 in just, and 22677 in equal temperament, 
or eight schismas too sharp. The seventh again, in the old 
temperament is rather flattened, as you see. The numbers 
are 27165 in the first column, and 27300 in the other; 
whilst it is terribly wrong in equal temperament, namely, 
27594. There is another discrepancy in the tempered scale 
affecting the second. If I had time I could show you that 
this is a variable note, and requires to be used in two ways. 
In the old temperament it is about half way between the 
two, but in the equal temperament it is ninety- eight divisions 
too sharp for the acute form, and in the flat form it is nine 
schismas too sharp. This shows that the equal temperament 
is about as bad a system as we can employ. It has only one 
advantage, and that is that it is simple, and everybody can 
learn it easily. There is another accusation to be brought 
against it, though perhaps you may look upon this view of 
the question as rather Hibernian, namely, that we never get 
it ; the tuning of the fifth a schisma fiat, which gives ono 
beat a second, is a delicate process, and I firmly believe that 
very few pianoforte tuners are really able to accomplish it. 
Mr. He Morgan used to say that he never could manage it, 
although he separately tuned a number of strings himself to 
beat one heat a second ; for when he compared them together 
they never were in tune. How if he could not do it on a 
single note with his great mathematical ability and mechanical 
skill, I doubt if the ordinary class of tuners can. However, 
although I object to equal temperament on these grounds, 
which you will see are obvious facts of nature, not at all 
matters of opinion, I must allow that it does afford gi‘eat 
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facility and simplicity to have only twelve keys in the 
octave ; it wonld be of great advantage if this facility could 
possibly be retained. 

How then shall we go on instrumentally to improve 
matters ^ For the first method, I have here a form^ of 
Helmholtz’s harmonium which is really very little complicated. 
Any person understanding music can very soon master it. 
There are two keyboards put into the place of one, the lower 
of which is a comma sharper than the upper ; consequently, 
when you want to lower any note a comma you can do it by 
putting your finger on the upper keyboard, instead of the 
lower one. This gets over a great many difficulties, but it is 
not absolutely true. However, the great fault of equal 
temperament is the third. If we have the third, sixth, 
and the seventh approximately true, we have got over the 
most important errors. Those intervals are to a great 
extent accurate on this instrument ; the dissonance of the 
sharp third itself is not, I think, beyond the limits of audi- 
bility. Those who say so cannot possess very good ears. I 
will give you the common chord, first on the single keyboard, 
and then change to the third, a comma flattened, so that you 
may hear the difference. How I will take the sixth. When 
you have heard the true interval you will see that the other is 
decidedly out of tune, although it might pass muster if you 
did not hear the correct interval. The first mode then is 
Helmholtz’s double keyboard with 24 notes. 

Then there is another contrivance equally simple in the 
keyboard ; this is Mr. Ellis’s harmonium. He accomplishes 
his object by shifting the sound not by means of separate notes 
or keyboards, but by combination stops. I wish I had the 
instrument here to show you ; though if it had been here you 
would have seen nothing, Xt is just like a common harmo- 
nium, except that it has a few draw-stops which fulfil different 
functions from those in the ordinary arrangement. 

The next is an instrument which you have probably all 
seen in the Exhibition — that of General Perronet Thompson. 
Perronet Thompson adopted the system of increasing the 
digitals up to the full number of sounds, though he did not 
carry it out quite to the bitter end ; and therefore he does not 
profess that his enharmonic organ plays in all the keys ; but 
even he has about 72 keys to each octave, and he starts on the 
Mons. Gueroult's, made by Debain. 
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cycle of 53 sotmds, of wliich. he -uses about 40. With all 
that mass of keys of diffexeut kinds, described by differ- 



Fig. 9. — Perronet Thompson's Keyboard. 

ent names, quarrils, buttons, and flutals, besides the usual 
twelve keys, it looks a very difficult instrument to play, and 
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has always been found unmanageable. It has the power, 
according to his own statement, of performing correctly in 
twenty-one keys with a noinor to each. 

If you look at the keyboard in passing, you will see three 
rows of ordinary keys, coloured in various ways. There are, in 
fact, three keyboards ; there are also the quarrils, buttons, and 
flutals named above. With all the mass of mechanism which 
looks like a large organ, it only possesses one speaking stop. 
This seems a very small result for such enormous magnitude, 
and you can now appreciate what St, Pauls or any other 
large organ, with perhaps eighty speaking stops besides 
couplers, would he if it were magnified in the same ratio. 

I have now to speak of two harmoniums, first that of Mr. 
Bosanquet, and secondly one, which I am happy to be able to 
show you to-day, of Mr. Colin Brown, Professor of Music in 
the Andersonian University of Glasgow, who has been kind 
enough to come all the way from Scotland to play it to you. 
In both these we seem more within bounds of practicability. 
Two things are aimed at in both these harmoniums which are 
not in those I first named ; in the first place to get correct 
intonation, and in the second to generalize the keyboard. 
You do away with that distinction between black and white 
notes which causes so much confusion to learners. Mr. 
Bosanquet certainly has black and white notes still left after 
a fashion, so as to guide the eye, hut you never play as you 
do on the common piano in six flats or five sharps and so on. 
You do not feel your way by the black and white notes as 
you have to do on the ordinary piano. There is only one key 
or scale on each ; it is a little complicated, but when you have 
once learned it all positions are the same, and that is why Mr. 
Bosanquet terms his instrument a generalized keyboard. I 
have heard persons say, I cannot play in five flats ; I can play 
in one flat, five are too difficult/' Here there is no such diffi- 
culty j fi.ve flats are no more difficult than one flat. You have 
only to get the right pitch and all scales are in the same posi- 
tion for the hand. I think I have stated that Mr. Bosanquet 
has fifty-three sounds in the octave, though there are eighty- 
four keys. This harmonium possesses also some very beautiful 
characteristics, of which one is the power of getting the har- 
monic seventh. Nevertheless he does not look upon it as an 
instrument for great execution. It is more intended as a 
sort of well-spring and fountain from which can he drawn 
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pnre chords, vitiated and made dissonant hy more ordinary 
instruments. I admit that my o^vn sense of hearing was 
incorrect at first. I did not like these purely consonant 
untempered instruments. When I first heard Perronet 
Thompson's organ, I thought the intervals were what tuners 
would call too keen.” I was accustomed to the universal 
dulling, dumbing of the scale which one hears from an equally 
tempered instrument, all the notes being thrown a little out 
of tune ; but if you go and sit beside this harmonium, after a 
little while, when the first effect of novelty is worn off, you will 
come to like it very much indeed. Our senses are more or 
less injured by long practice with the other system, and 
therefore Mr. Bosanquet, I believe, wishes it to be employed 
by composers to get combinations, to see what they can use in 
proper intonation, and afterwards arrange for instrumental 
performance of them by other means. It is intended more 
to manufacture music upon than for performance.^ 

Mr. Colin Brown is here himself, and he will correct me if 
he wishes, but I hope he will not disagree with what I say, 
that he aims at a slightly different object ; namely, at getting 
just intonation in the simplest fashion, and -with the least 
complicated keyboard by which it can be obtained.^ His 
keyboard is by no means so elaborate as Mr. Bosanquet’s, and 
is therefore more suitable for accompanying purposes. This 
it seems to me is a very excellent direction to take. We 
must make a compromise. Absolute truth is not to be had 
here j we shall never be able to obtain elaborate execution on 
instruments like Mr. Bosanquet's or Perronet Thompson’s, 
but here is a harmonium which I beheve can be learned in 
a short time, and which is in some respects even easier to 
learn than the ordinary keyboard ; yet you can produce upon 
it just intonation to a very considerable if not to the last 
possible degree. Mr. Brown has in this particular har- 
monium twenty-nine sounds to the octave ; some which are 
now making (for this is only an experimental instrument, 
intended to try the arrangement), but which have been delayed 
by the illness of the workman, will have thirty-two soimds 
to the octave, and the whole scale can be completed if 

^ For a more detailed account of this instrument, with a diagram of 
the keyboard, see A]ppendxx I., kindly eontributed by Mr, Bosanciuet 
himself. 

® See Appendix IL 
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necessary Ly putting in forty-four sounds to the octave. I 
shall ask you to listen to it presently, but I am anxious to 
conclude first my own task as to the application of true 
temperament to other than keyhoard-instruments. 

I have spoken hitherto entirely about organs, and har- 
moniums. With organs not much has been done ; whilst 
harmoniums have occupied most inventors, because they are 
instruments which show dissonance more than any others 
owing to the peculiar quality of tone they give out. They are 
liable to painful interference and harshness of tone. Por 
these reasons they are not Hked by many persons. They are, 
however, very convenient instruments, not at all expensive, 
nor liable to get out of tune ; therefore they are seen in many 
places where you do not find a piano. 

If we can get this true intonation by a moderate amount 
of mechanism, and at a moderate price, we shall have a 
harmonium which will play as sweetly as an organ or a 
piano. Por the piano true intonation does not appear to be so 
necessary, because it has only an evanescent sound, the note 
being produced by a blow. It hardly causes continuous 
beats ; at any rate they are not so audible ; indeed the ear 
requires to be practised, to have learned the unpleasant art of 
detecting the beats; when you have once acquired it, you 
become terribly sensitive to ordinary music ; for with the 
equal temperament, and with the errors which I have pointed 
out in it, we never get an instrument perfectly in tune. 

hTow for the application of this method to orchestral instru- 
ments. We have made a beginning. There is in the Exhi- 
bition a trumpet invented by a friend of mine in which the 
valves are three, but the third valve, instead of altering the 
pitch hy a tone and a half, as it usually does, alters it by a 
comma ; therefore Mr. Bassett calls it the “ Comma trumpet." 
Whether that particular instrument is or is not successf-ul, I 
need not here mention, but the idea carried further may he 
fruitful in good results, because if you can alter any dis- 
sonant note a comma up or down, you can produce much 
more perfect harmony in the orchestra. I am doing the same 
thing with the clarionet and oboe. Here is a clarionet, only an 
ordinary one, as I am anxious not to complicate the mechan- 
ism more than necessary ; hut by means of double keys it 
will produce a great many accurrate intervals. Eor instance, I 
can take the E fiat in two forms, and the E in three different 
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wa^s. Several otlier notes Lave alternative fingerings, so 
tLat I Lope to manufacture reed instruments witL wLicli wo 
can get, in many keys if not in all, true intonation. We do 
not require it in all keys witL tLe clarionet, because as you 
are aware, players use different instruments for different 
keys. There is the B flat clarionet, -which is useful for the 
flat keys ; to play in sharp keys there is the A ; and there is 
also a C clarionet, though it is less used. In this way, by 
having just intonation for one or two keys on either side of 
the natural key, I believe we shall arrive at more perfect 
results. It is very desirable it should be so, and I hope 
we shall be able to carry it out. I will here conclude the 
talking part of the lecture, but the most important part you 
will ^ agree with me will be the description of his new 
harmonium which Mr. Colin Brown has so kindly under- 
taken to give us. Before playing he wishes ^ to explain 
the system on which the keyboard is arranged. 

Mr. Brown. — The construction of this instrument arose 
from a series of exxoeriments in analysing a musical sound. 
It is mathematically and musically correct, and contain? 
neither compromise nor approximation of any kind from 
beginning to end of the fingerboard. TLe octave consists 
of seven digitals, with one added for the minor scale. It 
involves no complicated calculations, for there are only seven 
musical relations or differences on the keyboard, and those 
rcquhe neither decimals, nor logarithms nor equations, to 
express them. 

The scales run horizontally along the instrument, the 
keys across it, scales and keys being at right angles. The 
progression of Angering the scale in all keys is the same, and 
as no extra digitals, such as the five black upon the common 
keyboard, are required to play chromatic tones, this finger- 
board is called the natural fingerboard. ^ 

Instead of beginning where, as Dr. Stone pointed out, is 
usual, with the larger intervals of the scale, as the octave 
and fifth, I have begun at the other end of the scale with the 
first elements — 8 : 9 — 9 : 10 — 15 : 16. 

Though the larger intervals of the scale are relatively in- 
commensurable, by starting with these primary relations we 
find that every interval is accurately produced from them ; 

^ See Appendix II., kindly contributed by Mr. Colin Brown. 
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thus f added to V give the major third ; and these, added 

TT ? -I perfect fourth ; and so on — |., 

-|, yt together give |- or the octave. 

In addition to these three relations, | less gives 128:135, 
or the chromatic semitone ; thus there are in the scale two 
tones, I large and less, and two semitones, diatonic 
and -Jfl- chromatic. 

Besides these four relations, the three musical differences 
of the scale are also to he found on this instrument, viz., y^ 
less = 24 : 25, the imperfect chromatic semitone — less 
y^ = 80 : 81, the comma — and the schisma 32,768 : 32,805, 
which is also deduced from these relations. 

The comma is the difference between the large and less 
tones or steps of the scale. 

The schisma is the difference between a sharp tone and a 
flat one, say between Djj: and Eh. 

The round added digital in each octave does not belong 
to the series of the major scale ; it produces the major seventh 
and sixth in the minor scale, and also introduces the im- 
perfect chromatic semitone of 24:25, being less 
The effect of this additional digital is very peculiar; the 
tone seems to be too flat till it is heard in the chord. 

These seven are all the primary musical relations and 
differences to be found on the natural fingerboard ; there 
are many secondary keys to which I have paid no attention, 
— they may be very beautiful, but I do not enter into that 
question — for I have yet to learn, first, if they are true, and, 
secondly, if they are necessary or useful. The introduction of 
a round digital, placed on the white as well as on the coloured 
digitals, would supply every secondary key that the most 
exacting mnsician can demand ; hut I was anxious to avoid 
anything that would complicate or confuse the fingerboard. 

Musicians have greatly to complain of mathematicians for 
carrying their formula beyond their legitimate sphere into 
the domain of music ; and mathematicians, on the other hand, 
have to complain of musicians for demanding a number of 
secondary keys which are not mathematically or musically in 
true key relationship. It would be quite easy to make an 
instrument with them all, and at no great cost of money ; 
but what would he the advantage ? 

In constructing tliis instrument the principles I had to 
consider were : a mathematical series of sounds on the one 
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hand and a mnsical series on the other ; I had to reconcile 
and adjust their differences, and mark their coincidences. 
These coincidences are represented by the digitals on my 
fingerboard. I began with the simplest elements of the 
scale ; and had to feel for and find my way at every step. 
This instrument is limited in its range, embracing only eight 
major keys with relative minors. It has only one keyboard 
of three levels, the addition of another level would com- 
plete the cycle of thirteen keys; it may, however, be 
extended to any range, C being always the central key — 
from Ci2 grave to acute are given in the plan lodged in 
the Patent Office. 

The question is often asked, How can such an instrument 
be played upon *2 No musical instrument can be of any real 
practical value unless it can be easily played. I shall 
not offer my own opinion xipon this point, but that of a 
gentleman who has studied the subject thoroughly and 
whose opinion may be relied upon. After examining the 
fingerboard carefully he remarked, — first, that any person 
understanding the relation of keys in music will comprehend 
the principle of this keyboard in a few minutes ; secondly, 
that any person who can play upon an ordinary harmonium 
will play just as well upon this fingerboard by two or three 
weeks^ practice. 

These two statements have been already amply verified, 
for every one who has tried to play upon this instrument 
half-a-dozen times has done so readily. The third statement 
made by my friend was that any person learning to play will 
save from two bo three years usually spent in practising keys, 
because the scale in every key is played upon the natural 
fingerboard by the same progression of fingering. 

Some time must elapse before this last can be verified — 
but there can be little question as to its correctness. 
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APPENDIX I. 

bosanqxjet’s geneealised keyboare. 


In the enharmonic harmonium exhibited at the Loan Collec- 
tion of Scientific Instruments, South Kensington, 1876, there 
is a keyboard -which can be employed with ail systems of 
tuning reducible to successions of uniform fifths ; from this 
property it has been called the ^^generalized keyboard. It -will 
be convenient to consider it first with reference to perfect 
fifths j it is actually applied in the instrument in question 
to the division of the octave into fifty-three equal intervals, 
the fifths of which system differ from perfect fifths by less 
than the thousandth part of an equal temperament semitone. 

It will be remembered that the equal temperament semi- 
tone is the twelfth part of an octave. In the present notice 
the letters E. T. are used as an abbre-viation for the words 

equal tem|)erament.” 

The arrangement of the keyboard is based upon E. T. 
positions taken from left to right, and deviations or depar- 
tures from those positions taken up and down. Thus the 
notes nearly on any level are near in pitch to the notes of an 
E. T. series ; notes higher up are higher in pitch ; notes lower 
down lower in pitch. 

The octave is divided from left to right into the twelve E. T. 
divisions, in the same way, and with the same colours, as if 
the broad fronts of the keys of an ordinary keyboard were 
removed, and the backs left. 

The deviations from the same level follow the series of 
fifths in their steps of increase. Thus G is placed J of an 
inch further back, and j^th of an inch higher than C ; D 
twice as much ; A three times, and so on, till we come to C', 
the note to which we return after twelve fifths up ; this note 
is placed three inches further back, and one inch higher than 
the C from which we started. 
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With the system of perfect fifths the interval^ C — C', is a 
Pythagorean comma. 

With the same system, the third determined hy two notes 
eight steps apart in the series of fifths (C — C), is an 
approximately perfect third. 

With the system of fifty-three the state of things is very 
nearly the same as with the system of perfect fifths. 

The principal practical simplification which exists in this 
keyboard arises from its arrangement being strictly according 
to intervals. Prom this it follows that the position relation 
of any two notes forming a given interval is always exactly 
the same j it does not matter what the key-relaiionship is, or 
what the names of the notes are. Consequently, a chord of 
given arrangement has always the same form nnder the finger ; 
and as particular cases, scale-passages as well as chords have 
the same form to the hand in whatever key they are played. 
A simplification which gives the beginner one thing to learn, 
whereas there are twelve on the ordinary keyboard. 

The keyboard has been explained above with reference to 
the system of perfect fifths and allied systems ; but there is 
another class of systems to which it has special applicability 
— the mean-tone and its kindred systems. In these the third, 
made hy tuning four fifths up, is perfect, or approximately 
perfect. The mean-tone system is the old unequal tempera- 
ment. The defects of that arrangement are got rid of by the 
new keyboard, and the fingering is remarkably easy. The 
unmarked naturals in the diagram present the scale of G 
when the mean-tone system is placed on the keys,^ 

^ For farther details on this important sahj eet readers are referred to 
the forthcoming work An Elementary Treatise on Mnsical Intervals 
and Temperament^ with, an account of an enharmonic harmonium 
exhibited in the Loan Collection of Scientific Instruments, South Ken- 
sington, 1876 ; also of an enharmonic organ exhibited to tbe Musical 
Association of London, May, 1875, by K- H. M. Bosanquet, Fellow 
of St. John^s Oollege, Oxford. London . Macmillan and Co., 1876. 
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APPEITDIX 11. 

THE NATURAL FINGERBOARD WITH PERFECT INTONATION. 

The digitals consist of three separate sets, of which those 
belonging to four related keys, representing the notes 2, 5, 1, 
4, are white; those belonging to three related keys, and 
representing 7, 3, 6, are coloured — ^the small round digitals 
represent 7 minor ^ or the major seventh of the minor scale. 
These are the same in all keys. 

This fingerboard can be made to consist of any number of 
keys. 

The scales run in the usual order in direct line, horizontally, 
from left to right alorg the fingerboard. 

The keys are at right angles to the scales, and run vertically 
across the keyboard, from 'Cfe in the front to C'ft at the 
back, C being the central key. 

The scale to be played is always found in direct lino, 
horizontally between the key-notes marked on the fingerboard, 
but the digitals may be touched at any point. 

The order of succession is always the same, and conse- 
quently the progression of fingering the scale is identical 
in every key. 

The 1st, 2nd, 4th, and 5th tones of the scale are played 
by the white digitals ; the 3rd, 6th, and 7th, by the coloured. 

The shaipened 6th and 7th of the modern minoT scale are 
played by the round digitals. The round digital, two removes 
to the left as in the key of E flat, is related to that in the 
key of C as 8 : 9, and sux^plies the sharpened sixth in the 
relative minor of C ; so in all keys similarly related. 

Playing the scale in each key the following relations 
appear — 
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From wMte digital to white, say from the 
1st to 2nd, and 4th to 5th of the scale, 
and from coloured to coloured, or from 


the 6th to the 7th of the scale, the 
relation is always .......8:9 

From white to coloured, heing from the 
2nd to the 3rd, and from the 5th to the 
6th of the scale , . . . . . . . 9:10 
From coloured to white, heing from the 
3rd to the 4th, and from the 7th to the 

8th of the scale , 15:16 

From white to white ^ or coloured to coloured^ is always the 
large step. 


From white to coloured is always the less step. 

From coloured to ^vh^te, the diatonic semitone or the 
small step. 

The round digital is related to the coloured which succeeds 
it as 15 : 16, and to the white which precedes it as 25 : 24, 
being the imperfect chromatic semitone. 

Looking across the fingerboard at the digitals endwise, from 
the end of each white digital to the end of ^each coloured 
immediately above it, in direct line, the relation is always 
128 : 135, or the chromatic semitone ; and from the end of 
each coloured digital to the white immediately above it, in 
direct line, the comma is found 80 : 81. 

Between all enharmonic changes, such as between A b 
404|A to Gri 405, the interval of the schisma always occurs? 
32,768 : 32,805, the difference heing 37. 

These simple intervals and differences, 8 : 9 — 9 : 10 — 15 : 16 
—24 : 25—80 : 81—128 : 1 35— and 32,768 .:32,805, comprise 
all the mathematical and musical relations of the scale. The 
larger intervals of the scale are composed of so many of 
8 ; 9 — 9 : 10 — and 15 : 16 — added together. 

The digitals rise to higher levels at each end? differing by 
chroma and comma, or comma and chroma alternately ; this 
causes separate levels on the fingerboard at each change of 
colour ; though these are not essential, they will be found 
very useful in manipulation, and serve readily to distinguish 
the different keys. 

The two long digitals in each key are touched with 
great convenience by the thumb. The lower end of each 
coloured digital always represents the 7th in its own key, and 
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tlie 'borrowed^, or clironiatic sharp tone, in every other, thus, 
the 7 th in the key of Q is the sharpened fourth, or 'F ' sharp 
in the key of C, — and so in relation to every other chromatic 
sharp tone. 

The white digital is to every coloured digital as its chromatic 
fiat tone, thus, the fourth in the key of T is IB i2, or the 
fiat seventh in the key of C, — so in relation to every other 
chromatic fiat tone. In this -way all chromatic sharp and 
fiat tones are perfectly and conveniently supplied without 
encumbering the fingerboard with any extra digitals, such as 
the black digitals on the ordinary keyboard, the scale in each 
key borrowing from those related to it every possible chromatic 
tone in its own place, and in perfect intonation. 

The tuning is remarkably easy, and as simple as it is 
perfect. 

While all the major keys upon the fingerboard, according to 
its range, have relative minors, the following, 'T, 'C, 'Gr, 
'D, A, E, B, E :f|!, Gr I, and D can alL be played both as 
major and as perfect tonic minors. 

These secondary keys are more than appears at the first 
inspection of the fingerboard. A series of round digitals 
placed upon the white, and a comma higher, additional to 
those placed upon the coloured digitals, would supply the 
scale in every form the most exacting musician could desire, 
but it is a question if sqch extreme extensions are either 
necessary or in true key-relationship — and whether simplicity 
in the fingerboard is not more to be desired than any multi- 
plication of keys which involve complexity and confusion. 


]!?^ote. — A full description of the voice harmonium may be found 
in the specification for patent. The principles upon which it is con- 
structed and tuned will be found fully stated in Music m Oommou 
Things^ Parts I. and. II. , published by Messrs. William Collins, Sons, 
and Co., Glasgow, and Bridewell Place, Kew Bridge Street, London, 
and the Tonic Sol Pa Agency, 8 Warwick Lane, London, E.O. 
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APPENDIX IIL 

Since tlie delivery of tlie above lectures, another barmoniTim 
has been sent to the Loan Collection by Herr Appnim, of 
Hanover, on the system of true temperament. The detailed 
account of its mechanical appliances has not as yet arrived ; 
but it may be briefly described as having thirty-six keys 
playing thirty-five perfect fifths ; the major thirds being 
tuned by eight fifths downwards, that is, a schisma too flat. 
These are arranged in one row of keys, with two rows of 
buttons or studs. The keyboard is double, with an extra 
row of twenty-four tones arranged on the ratio 16 : 19 with 
respect to the two bottom rows, so as to compare the effect 
of the minor chord, using 16:19 with the usual 6 ; 6. 



SENSITIVE FLAMES AS ILLUSTRATIVE OF 
SYMPATHETIC VIBRATION. 

BY PBOFESSOB BARRETT. 

The subject assigned to me foi* tbe present lecture is 
Sensitive Tlames. I do not propose, however, to deal with 
this subject exclusively, but leather to make it the goal 
which we shall gradually approach. By this means I 
think you will find that so far from being a strange and 
isolated phenomenon, a sensitive flame is I'eally a striking 
illustration of a very widespread and important law 
relating to the reception of vibratory energy. 

It will be instructive for us if we first regard the mode 
of production of the energy of vibration, then how this 
energy is communicated from one system of bodies to 
another. The simplest mode of exciting vibratory motion 
is that seen in the swinging of an ordinary pendulum. 
The to-and-fro motion which you see there gives rise to 
waves in the air of the simplest kind. In the case of the 
pendulum we have the motion sustained by the action of 
gravity ; but in the case of a tuning fork we have the 
motion sustained by the elasticity of the metal. The 
nature of the vibration is, however, the same in both cases. 
The motion of the prongs of the fork to and fro is precisely 
analogous to the 'motion of a pendulum swinging to and 
fro. These are instances of the simplest form of vibratory 
motion, namely, the vibration of a body sensibly as a whole. 

These vibratory motions generate simple wave-forms. 
Such a motion may have a uniform zuse and fall across the 
line of rest. But there are other less simple modes of 
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vibration by tbe body as a whole. For example, the kind 
of motion due to tbe clapper of a clock bell, or that of a 
tilt hammer. First there is a slow uniform rise, then a 
sudden rapid fall. A violin string, bowed near one end, 
gives a similar mode of vibration. 

Now, a body may vibrate not only in that simple form, 
but in a more complex manner. In fact, simple motions 
and simple waves are extremely rare. In general, com- 
pound tones and intricate wave forms are produced by the 
subdivisions of the vibrating body ; for a body may split 
up into sensible parts, and these vibrate. Here, for 
example, in this monochord we may have the wire vibrating 
as a whole, or we may have it vibrating in a certain number 
of aliquot parts. This also is seen most strikingly in the 
vibrations of a plate. Here is a round plate of metal 
which, in its simplest form of vibration, divides into four 
equal parts ; but it may be made to subdivide itself 
into a greater number of parts by fingering the edge of the 
plate. Thus if I draw a fiddle-bow over the edge of the 
plate, we get, you see, a division into a certain number 
of vibrating parts which are seen by the motion of the 
sand towards the nodal lines, or lines of rest. Now, such 
subdivision gives rise to intricate wave forms, and confers 
upon a body this peculiar quality of tone or twang which 
enables us to distinguish the notes of different musical in- 
struments from one another, although they may he sound- 
ing notes of exactly similar pitch, 

So far, then, we have seen the vibration of a body giving 
rise to sound-pulses, or motions of the air around it. But 
body may vibrate also in its insensible parts, and such 
vibrations give rise to the phenomena of light, heat, and 
possibly of electrification Here, too, in molecular, as in 
molar motion, we may have simple and complex vibrations. 
For example, black hot elementary gaseous bodies yield, as 
one would expect, simpler modes of vibration than those 
corresponding to compound bodies; and in the case of 
smids and liquids an increasing temperature gradually 
liberates these substances from the mutual cohesion of 
their parts, and hence, ultimately enables them to vibrate 
without hindrance in the definite rates peculiar to each 
element. The body is now a glowing gas, and if in this 
state It he examined by the prism, it is found that at an, 
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es^remely exalted temperature, a few of the elements 
yield simple vibrations corresponding to the vibrations of 
a pendulum or tuning-fork For example, the metal 
platinum and the metal sodium approach these simpler or 
pendular vibrations, having spectra of extreme simplicity. 
Other elements yield a complex vibration corresponding 
to a compound tone, giving rise, therefore, to intricate wave 
forms. We may instance, as examples of this quality, 
iron and chromium, and as there is a definite relationship 
between the upper partial tones of a compound tone and 
its fundamental tone, so the question has been asked, Is 
there any definite relationship existing between the various 
constituent vibrations of a glowing molecule of iron and a 
glowing molecule of chromium ^ ' This question has been 
answei’ed, in fact, with some success by Mr. Johnstone 
Stoney. Time will not allow me to enter more fully into 
this matter, but it seems to open up a pathway for future 
discoveries. 

Tet us now, for a moment, regard the transference of 
this vibratoi'y energy to our senses, or our instruments. 
It is evident that some medium is necessary. The coarser 
molar vibrations of sound are x’eadily and rapidly trans- 
mitted by solid, liquid, and gaseous bodies. For example, 
if I take this long rod and hold it against a wooden 
surface, we get here transmission of the vibration of a 
tuning-fork through the rod to the wood in the distance. 
So, in like manner, water is found to transmit the vibra- 
tions of sound, and air is found to do the same, as in the 
case of the sounds which I am now uttering. The rate of 
the transference of this molar vibration to the medium 
around has been examined with great care by physicists 
both theoretically and experimentally. It will be needless 
for me to refer to the investigations now, but this piece of 
apparatus which is exhibited in the Loan Collection is ex- 
tremely interesting, as being the very instrument w^hereby 
the velocity of sound in water was determined by those 
eminent physicists Colladon and Sturm (Fig. 1). They 
plunged this large spoon-shaped metal tube into the water, 
and at some distance off a boat was moored, and under the 
water near the boat a bell was struck. The moment that 
the bell was struck, a brilliant light was made to appear 
in the boat. The observers in a distant boat noticed the 
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intei'val o£ time between tbe production of tbe light 
and the reception of the sound through the water by 
means of this apparatus. Inasmuch as light passed over 
that small interval in an infinitesimally small space of 



Fig. 1. 

time, the difference between the perception of the light and 
the perception of the sound would give us the velocity of 
sound through that small space of water. 
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Molecnlai* vibrations are, however, unable to be trans- 
mitted by the coarser matter around ns. A medium of 
higher elasticity and of less density is necessary for the 
transmission of the vibrations of heat and light. Such 
a medium has been assumed to exist, and we have 
every reason to believe that it does exist ; it is termed 
^Hhe ether.” As you have had, in preceding lectures 
by Professor Forbes, some fuller reference to this subject, 
I need not dwell upon it here ; and therefore we will pass 
at once to the manner in which vibratory energies are 
accepted. We have seen how they are produced ; we have 
seen that they are transmitted ; and now we have to exa- 
mine how they are accepted. 

And here we meet at once with a very important law. 
This law is stated as follows : — ^The receptivity of a body 
for vibratory energy depends on the capability of that body 
to vibrate in periods coiTesponding to the rate of vibration 
of the source. We may term this power of receptivity 
sympathetic vibration, or the sympathetic state, and this 
we must examine now in greater detail. Here I have a 
pendulum which is capable of swinging to and fro in a 
definite time. If now I bring that pendulum to rest, and 
then blow it with my breath, I can set it in rapid vibra- 
tion by properly timing the impulses which I give to it. 
By the side of this pendulum is another, which is capable 
of vibrating at precisely the same rate. If I bring one 
of these pendulums to rest, and set the other in motion 
by its side, it is evident that the to-and-fro motion of 
the pendulum will produce motions in the air and wooden 
framework which will be precisely timed to the motion 
of the first pendulum (Fig. 2). Hence, after a certain time, 
we shall find that the to-and-fro motion of the one pen- 
dulum will set the other into vibration. If, however, 
I shorten one of these pendulums, so as to make its rate 
of vibration not coincident with that of the other one, then 
the motions will not be so timed, and the second pendulum 
will not be thrown into motion. You may have illustra- 
tions of this transference of motion in various other ways. 
Here, for example, I have two strings which are tuned in 
perfect unison, and attached to the same soundboard. If 
now I put this first string into motion, it will com- 
municate its vibration through the wood to the second 
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string, throwing that also into motion, and the motion of 
the second string will he evident to you hy its throwing 
off these little paper riders. And what is more remark- 
able still is that the vibi'ation communicated to the second 
string will he subdivided as in the first string. This 
subdivision will be taken up by the second string, in 
precisely the same manner as it exists in the first. 



Fig. 2. 

These then are cases of the transmission of vibratory 
energy through solid bodies, and the acceptance of it by 
other ^bodies tuned to the same pitch as the first. 

^ Here is an illustration, however, of a more remarkable 
kind. We have here a tuning-fork which is capable of 
vibrating at precisely the same I'ate as this other tuning- 
fork-^ which is in my hand. I will place one of these forks 
in front of a lamp, and in order to enable you to see 
the experiment more clearly, I will cast a shadow of it on 
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this white screen. ISTow I strike this first fork, and the 
vibration will be transmitted through the air to the other 
fork, against vrhich a bead is placed. You will find 
that the second fork is thrown into motion by the motion 
of the first fork. This is remarkable, inasmuch as we have 
the transference of motion through the air to this very 
heavy massive fork. If, however, I attach to one fork a 
little wax it will be thrown out of tune, and I shall not 
be able to obtain this response, for it now vibrates at a rate 
slightly slower than before, and we shall find that it will 
not affect the other fork. There is no trace of vibration. 

These are illustrations of the acceptance of vibrations 
by gross matter. 

The same law holds true, as you are aware, with regard 
to the finer matter composing the ether. If I move this 
magnet to and fro, it is capable of setting the little magnet 
below it also in motion to and fro, and this action takes 
place although I may have one of the magnets in a 
vacuum, so that it is very evident that the vibration of 
the magnet is not communicated to the other magnet by 
means of gross matter. It is communicated by means of 
something which is finer than the matter which we can 
weigh — the insensible matter which we denominate ether. 

A more striking and beautiful illustration of this fact is 
given in the following experiment. In front of a soft iron 
rod surrounded by a coil of wire, a bar electro -magnet, in 
fact, a magnetized tuning-fork, is firmly fixed. Wires 
lead from the coil to a second similar arrangement at a 
distance. On now bowing the first fork, which is mounted 
on a non-resonant surface, the distant fork, mounted on a 
resonant box, is heard to sound. The two forks are exactly 
in tune, and the approach and recession of the magnetized 
prong to the coil of wire generates electric waves, which 
are converted into magnetic pulsations in the second fork, 
the rhythmic rise and fall of which throw it into corre- 
sponding vibration. But if one of the forks be loaded the 
response ceases, for there is no longer synchronism thi'ough- 
out the system. 

In like manner heated bodies emit vibrations which 
are accepted by other bodies if the rates of vibration of 
the cool substance coincide with the rates of vibration in 
the hot ones. This fact was pointed out long since by 
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Professoi' Balfour Stewart, who showed that although rock- 
salt is a substance extremely transcalent to ordinary rays, 
yet it is remarkable for the absorption of the rays emitted 
by itself. A plate of warm rock-salt gives a radiation 
which is entirely absorbed by a plate of cool rock-salt, 
although the cool rock-salt would transmit a very large 
percentage of any other kind of radiation. This fact may 
be also seen in the various experiments which are more or 
less familiar to you all. If you take a tile, or a porcelain 
plate, on which there is a black pattern on a white ground, 
and heat that plate to whiteness, the pattern becomes 
reversed. The black portions of the plate which absorb 
most light are also capable of giving out most light ; and 
hence they appear light upon a dark ground. A still 
simpler experiment is to take a piece of platinum foil and 
write upon it with ink. If then you heat this platinum 
foil to redness, the word which you have written upon it 
in ink appears to be bright upon a dark ground ; that is 
to say, the black ink which absorbs most of the radiation 
is also capable of emitting most, and hence the word 
appears brighter than the surrounding platinum. You 
also find that the appearance behind is reversed. The 
greater radiation from the blackened surface on the pla- 
tinum robs the platinum of some of its heat, ^and hence, 
although the word appears to be bright in front, yet, owing 
to the loss of heat by radiation in front, the platinum 
appears on the other side darker where the word is written 
than in the surrounding part. 

Here, then, we have the reciprocity of radiation and 
absorption shown in the case of molecular vibrations ; and 
this reciprocity is, as you are aware, the foundation of 
spectrum analysis. For example, cool sodium vapour 
absorbs the radiation of glowing sodium vapour. You are 
all probably aware of the names which cluster around this 
generalization of Kirchhoff. It has, however, always 
seemed to me that the name of Professor Tyndall ought, 
in justice, to be associated with the earlier workers at the 
law which underlies the subject of spectrum analysis. At 
the period of KirchhofE's discovery, Professor Tyndall was 
at work on the absorption of heat by gases and vapours. 
The apparatus which he employed is exhibited in the Loan 
Exhibition, and I have it here. He used as a source of 
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heat either hoilmg water, or a heated platinum spii'al, or 
the flame of a lamp. This heat he transmitted through a 
long experimental tube, the ends of which were closed hj 
plates of rock-salt, and which tube could be exhausted by 
means of an air-pump. The radiation from the source 
passing through the exhausted tube and plates of rock-salt 
practically unhindered, fell upon the blackened face of a 
thermopile. This pile was associated with a galvano- 
meter, and the deflection produced on the galvanometer 
by the heating of the anterior face of the pile was 
compensated by warming the posterior face of the pile, and 
so the needle of the galvanometer was brought to zero. 
If now into this exhausted tube an elementary gas were 
introduced, such as oxygen or hydrogen or nitrogen, it was 
found that little or no difference in the flux of heat through 
the tube was indicated ; whereas if, instead of an elemen- 
tary gas, a compo\md gas, such as olefiant gas or ammonia, 
or any other of the many compound gases, were used, a very 
great diminution in the flux of heat was perceived. It was 
greatest in the case of the most complex gases, and least 
in the case of the least complex gases. Professor Tyndall, 
however, went much farther than this. He examined the 
radiation as well as the absorption of these gases — the 
radiation obtained by heating the gas and allowing it to 
stream up in front of the thermo-electric pile, and the 
result showed that the radiation from the elementary 
gases was feeblest, the radiation from the compound gases 
being found most abundant. But by another method he 
examined the subject with still greater care. Doing away 
with all sources of heat, and dividing the experimental tube 
into two parts, separated by a plate of rock-salt, he ex- 
hausted both chambers. Into the chamber most distant 
from the pile he now allowed a gas to stream. When an 
elementary gas was thus allowed to enter the exhausted 
tube, the collision of its particles against the side of the 
tube caused a conversion of motion into heat. The par- 
ticles of gas were warmed, and radiated their heat through 
the exhausted portion of the tube and to the pile. This 
Professor Tyndall termed “ dynamic radiation.” If now a 
compound gas were allowed to enter this distant portion 
of the tube, after it had been once more exhausted, a still 
greater radiation was perceived, just as in the case when the 
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gases were artificially heated. Now he went a step farthei , 
The portion of the tube nearest the pile^ instead of being 
allowed to remain empty, was successively filled with dif- 
ferent gases, and it was found that the elementary gases, 
which are so transcalent to ordinary heat emitted from 
lamp-black or glowing platinum, are extremely opaque to 
the radiation emitted from themselves. That is to say, if 
into this near portion of the tube oxygen gas be admitted, 
and then oxygen be allowed to stream into the hinder 
exhausted portion of the tube, the dynamic radiation from 
this portion of oxygen is completely intercepted by the- 
absorption of the particles of oxygen in this other portion 
of the tube. And still more strikingly was this seen 
when, instead of an elementary gas like oxygen, a com- 
pound gas like olefiant gas was admitted into this part 
of the tube. Then a mere trace of a compound gas of 
the same nature in the front part of the tube com- 
pletely intercepted the radiation in the posterior por- 
tion of the tube. Further, if we use here, as a source of 
heat, the radiation from a hydrogen flame which generates 
water or aqueous vapour by its combustion, then the radia- 
tion from that incandescent aqueous vapour is entirely 
intercepted by a small trace of cool aqueous vapour present 
in the tube. In like manner, if we use the radiation from a 
flame of carbonic oxide which produces carbonic acid by its 
combustion, the radiation from the glowing molecules of 
carbonic acid is completely intercepted by a small trace of 
cool carbonic acid in the experimental tube. 

In this way I have found that we may make an extremely 
delicate analysis of the human breath. Fiy introducing^ 
traces of the dry breath into the experimental tube, and 
using the radiation from a carbonic oxide flame, we have 
the means of making a physical analysis of the breath, 
exceeding in delicacy and even rivalling in accuracy the 
ordinary chemical methods. 

You will perceive that all this is really an illustra- 
tion of Kirchhoff's familiar law of the reciprocity of radia- 
tion and absorption. Hence I think you. will agree with 
me that Professor Tyndall, who was led to these conclusions 
by an independent line of research, if not a pioneer in this 
direction, like Stokes and Stewart, yet should in truth bo 
regarded as one of those who contributed to lay the broad 
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and firm foundation on whicli KirclilaofE’s law now secin*ely 
rests. 

But supposing the vibration be not a simple but a 
compound one, — that is to sav, the coalescence of many 
and varied vibrations — will such a complex or intricate 
wave-form be able to set a body in motion ? It can do so 
by virtue of the fact that, however complex the wave-form 
may be, it can be resolved into a series of simple pendular 
vibrations. If a body can respond to one of the constituents 
of the compoimd tones, a feeble resonance or sympathetic 
vibration will be produced. Thus, if we take a bundle of 
tuning-forks of dilferent pitch, and sound them together, they 
will generate by the coalescence of their sounds a compound 
tone, which, falling upon a certain silent fork, will set that 
fork into motion if the particular period of vibration of the 
silent fork be found among the constituents of the com- 
pound tone. That you have already seen in one form. It 
would have been very evident to you if, instead of striking 
one tuning-fork, I had struck twenty or thirty with notes 
of different pitch. Only one of those forks would have been 
concerned in setting the silent fork in motion — namely, 
that one which vibrated in exactly the same period as the 
silent fork. Helmholtz has rendered it extremely probable 
that this is the manner in which we are enabled to dis- 
tinguish the mixed multitude of sounds in an orchestra. 
A structure in our ears called Corti’s arches, is attached to an 
elastic membrane called the membra7ia basiiaris, the par- 
ticular tension of which appears to tune these Corti^s arches 
so that they are capable of responding to notes of different 
pitch. 

We have shown the effect of synchronism on the recep- 
tion of sympathetic vibration, so that if we have a Corti’s 
arch capable of responding to a certain tone it will be 
thrown into violent vibration by a corresponding note. 
The neighbouring arches will be thrown into less vigorous 
motion, and thus we may imagine these structures tuned, 
as it were, to notes of different pitch, as, indeed, Helmholtz 
has shown to be extremely probable. The investigations 
of Mayer have shown that insects seem to possess an 
analogous mode of hearing by the reception of vibrations 
through filaments attached to theix' bodies. 

jSTow, so far we have seen the acceptance of vibration by 

VOL. II. 
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solid bodies. I£ we take a ligbter medium, s^lcb as air, a 
more vigorous and prompt reinforcement of tbe sound is 
produced. At tbe same time the decay of tbe sound is 
more rapid on the removal of the source. Here I have a 
tuning-fork. Wlien I strike it and hold it over a par- 
ticular column of air, the air within the jar responds very 
vigorously. The reinforcement of a note of definite sound 
in this manner is termed resonance. 

If I pour water in the jar, thereby obtaining a column 
of air vibrating at a different rate, the response will not be 
nearly so loud. Of course by decreasing the length of the 
column of air we shall increase the difference between the 
two vibrations. If now, in place of a simple tone, as in 
this tuning-fork, I produce a compound tone, the jar will 
pick out from the compound tone that one constituent 
which corresponds to its own rate of vibration, and will 
reinforce that tone to the exclusion of all the others. 
This is the principle of Helmholtz’s resonators which are 
capable of responding to notes of a certain definite pitch ; 
that is to say to simple pendular vibrations. If the 
nozzle of one of these resonators be placed in the ear, and a 
compound tone be sounded, the resonator will respond to 
one particular tone only, and thus it can be ascertained 
if that tone be among the constituents of the compound 
tone. Helmholtz has thus made an analysis of vowel 
sounds by means of these resonators. 

I have here a series of brass pipes, which are of different 
lengths, and on pulling out one of these pipes you hear 
a little explosion. That explosion generates an extremely 
intricate wave-form, inasmuch as it is produced by the coal- 
escence of a great many vibrations of different periods, 
nevertheless, this column of air within the tube can re- 
spond to vibrations of only one period. Out of the multitude 
of vibrations existing in the explosion which follows the 
sudden withdrawal of this tube, the air within this tube 
selects one tone and reinforces it, and thus you get, quite 
audibly, the note of the tube by the sudden pulling out of 
the stopper. Inasmuch as these tubes are tuned so as to 
give notes of definite ratio, I think we shall find that from 
the noise made by simply pulling out these tubes suc- 
cessively we may get the notes of the common chord. 

This is an explanation of the sound given by organ pipes 



195 


SUXSITIVU FLA3IJSS, ETC, 

where the whittling or rustling of the air gives rise to a 
multitude of sounds, only one of which is strengthened 
by the resonance of the air within the pipe. In like 
manner this affords an explanation of the so-called singing 
ffames. Instead of using air urged through a narrow 
orifice, we have gas urged through a narrow orifice ; 
which itself produces a slight noise or rustling sound ; 
and further the combustion of the gas gives rise to a 
rapid current of air within the tube which is placed 
over it. The tube around the flame is capable of respond- 
ing to one note, and only one ; and hence by proper ad- 
justment of the tube v.n.th regard to the flame, the flame 
will sing or produce a continuous musical note. With 
a longer tube you hear a lower note produced, owing to 
the fact that the resonance of this longer tube responds 
to a note of lower pitch. The tube may be easily tuned 
to a note of a definite pitch by a paper slider on the end 
of the tube. Wheatstone has, indeed, made a flame 
organ on this principle. Here is the instrument from the 
Loan Exhibition. By depressing the keys of the instru- 
ment ceHain gas jets are suddenly thrown within their 
tubes, and the tubes corresponding to these burners then 
begin to sing. Thus you can play a few chords upon an 
instrument of this kind. 

It has long ago been shown how these singing flames could 
be modified by simply heating a piece of wire gauze which 
was placed within the tube. If the wire gauze be made 
red-hot, then a broken current of air passes up the tube. 
The air passing through the wire gauze thus produces a 
slight rustling sound in the tube. Out of these notes the 
tube selects the proper note belonging to itself, and rein- 
forces that note, and by the resonance of the air in the 
tube we have a musical sound produced. I will warm the 
wire gauze by a flame. You will see in this case that 
when the tube is held hoiizontally, the current of air and 
the sound cease, hut when the tube is vertical the note re- 
appears. 

We must pass on to the last fact in this chain of pheno- 
mena. The body receiving the vibration and accepting it 
may he in such a peculiar abnormal state that a slight 
disturbance will produce a great and disproportionate 
result. And we may term this the sensiti've state» 
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Various illustrations of tMs will at once occur to you. A 
stone poised on tlie edge of a cliff, for example, can be 
thrown off by a series of timed puffs — puffs recurring at 
the rate of vibration of the stone may cause its overthrow, 
and thus a great change may be brought about. Prince 
Pupert’s drops exhibit this sensitive condition. Certain 
fulminating powders also exhibit this sensitiveness. Or 
again, if we take a singing flame, and get it nearly at the 
point of singing, and then sound a note exactly similar to 
that which the flame itself makes when singing, the flame 
will be thrown into continuous song. 

DSTow a naked flame may respond without a tube. If 
we take an ordinary gas burner such as I have here, 
and bring it near to the point of roaring, then a sound 
made near that flame will throw it into a roaring con- 
dition, accompanied by a shortening of the flame. A slight 
motion of the flame is perceived. This effect, however, 
which is exceedingly slight, can be augmented by properly 
adjusting the weights on the gasholder until we obtain a 
sensitive flame, properly so called. Here I have such a 
flame which consists of coal-gas burning from a narrow 
orifice, yielding us a tall tapering flame which responds to 
a very slight sound, such for example as the sound of the 
sibilant. 

Now, regarding the history of sensitive flames, it will b© 
sufficient for me to say that the subject was first brought 
pKominently under public notice by Professor Tyndall, who 
at the same time enriched the discovery that had pre- 
viously been made. You probably see already the explan- 
ation of this phenomenon. The flame accepts the vibration 
which it can itself emit. If, for example, we light this 
flame, and now put a little pressure upon the gasholder, 
you will find that the flame will begin to shorten and roar, 
just as it did under the influence of sound, making that 
sibilant noise. A pressure of an extremely slight amount 
will cause a flam© which is on the verge of roaring, to roar. 
Par less than on© hundredth of an inch of water pressure 
will cause an ordinary batswing burner to turn from a 
silent flam© into a roaring flame. We have, therefore, in a 
sensitive flam© a body in a state of sympathetic vibration, 
and the vibration of the flame is exactly synchronous to 
that of the sound which throw’s it into vibration. The 
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nature of the Tihration can he investigated thus. If a 
sensitive flame he put nnder the influence of sound, and 
a mirror moved to-and-fro in front of it, we shall And the 
flame exhibiting a state of vibration exactly analogous to 
that of the sounding body itself. I will make a sibilant 
sound, and you will see the vibration if I move the minx' r 
to and fro. This is a non-musical sound, but if I make a 
musical sound such, for example, as that from this reed, a 
sort of strained and intense divergence of the flame is pro- 
duced, the vibration of which can be seen better in the 
mirror. 

Now, other bodies besides flame exhibit this sensitive 
state. Jets of air, rendered visible by smoke, are ex- 
tremely sensitive to sound ; so much so that I have found 
an almost inaudible sound, made at a distance of two or 
three hundred feet from such a jet of air, is capable of 
very considerably affecting the jet. In like manner jets 
of water can be thrown into this sensitive condition. 
Savart indeed long ago showed that jets of water could 
be influenced by musical notes. 

Nor need we stop here. The radiant energy of heat and 
light may produce changes in bodies, analogous to those 
produced in flames by sound. It has even been suggested 
that sun-spots — those changes on the sun’s surface which 
appeal' to be somewhat connected with the approach of 
certain planets, — may be illustrations of these sensitive 
flames, as it were, upon a large scale, that is to say, a state 
of tottering equilibrium, wherein a very feeble agent, if of 
the proper kind, may produce a profound change in the 
aspect of a body. Again many present have probably 
heard of those experiments which Professor Tyndall 
has made lately, where a beam of light has been sent 
through a tube containing the vapours of volatile liquids, 
and where those vapours, acted on by certain rays, sud- 
denly assumed strange fantastic shapes. Such a profound 
change pi'oduced by the radiant energy of light is analo- 
gous to the change produced in a flame by the sonorous 
vibrations of the air. In both cases it is an instance of 
sympathetic vibration or resonance. And it is not impos- 
sible that living organisms, and even the mind of men, 
may be found subsequently to be subject to a similar law 3 
but into this of course I have no right to enter here. 
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A few words may be useful to you as to tlie size and the 
nature of the jets to be employed ; and then I shall show, 
in conclusioUj two or three applications of these sensitive 
flames. The first form of jet that I employed was a simple 
piece of glass tubing drawn out to a point, and then filed 
into a V-shape. Such a jet yields a flame which is 
capable of being affected by a whistle, and has the advan- 
tage of being sensitive under the ordinary pressure of gas. 
Here is a similar jet made out of a piece of brass tubing. 
You see that if I whistle to this flame it spreads out 
sideways. This is at the ordinary pressure. When the 
pressure of gas increases, as it does towards the evening, 
the effect is still better. A brass circular orifice also 
yields a very good sensitive flame under considerable pres- 
sure. But the most sensitive hind of flame is obtained by 
allowing the gas to stream through a circular orifice made 
of steatite such as is used in the jet photometers. It was, 
in fact, when noticing the influence of sound upon one of 
these jet photometers, that I was led to use the sub- 
stance. The jet photometer burner will yield a very tall 
tapering flame of gas some two feet high. If the gas 
be very rich in quality the flame will be much higher than 
if the gas be poor, and the higher you make your flame the 
more sensitive it is. Hence a sensitive flame may be 
employed as an extremely delicate test of quality of 
gas. You will find that if a burner admits No. 19 
wire (Birmingham wire gauge), it requires a pressure of 
three and-a-half inches of water to bring it to its most 
sensitive condition. If it admits No. 21, which is 
a smaller size, it requires six or seven inches of water to 
bring it to its most sensitive condition. This pressure is 
best obtained by using the gas from a gasholder and not 
from, a gas-bag. The gas-bag has the disadvantage of 
continuously varying in its pressure, and, moreover, there 
are yibr’ations in the gas-bag itself which are extremely 
detrimental to the effect sought. The gasholder ought 
to be one yielding a very steady flow of gas. I have 
fitted up in my laboratory a gasholder for this purpose. 

Thei'e is also another point of very considerable import- 
ance in connection with the subject, namely, having the gas 
way perfectly free. The gas-cock should not be partly 
turned. If it is so the gas in passing through it will be subject 
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to an incessant ricochetting, and tke flame obtained will be 
less sensitive than if the gas- cock were completely open^ 
and the pressure adjusted by means of weights. The free- 
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doxn of the gasway has led me to employ a form of 
apparatus, which yields the most sensitive flame with which 
I am acquainted. A perfectly smooth and tranquil flow of 
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gas is tliTis obtained, because there is no such cock here, 
but a completely open way right to the burner. 

The source of sound Is also important. I have here a 
ticking watch inclosed in a padded case. I wdll wind up the 
watch, and you will find how sensitive this flame is by its 
being able to respond to the ticking of the watch. The 
metallic sound being very i-ich in over tones or upper partial 
tones, this sound is one to which the flame is particularly 
sensitive, inasmuch as those notes are contained in the 
sound made when the flame roars. Further it is the 
root portion and not the upper portion of the flame which 
is most sensitive. 

ISTow there remains to me to point out to you a few ap- 
plications of these sensitive flames. You may use them in 
detecting the existence of sonorous vibration in the air, or 
the state of vibration of a sounding body. It is very in- 
structive to examine, by means of a sensitive flame, the 
vibrations of plates and bells, and so on. You find that 
you can discover the nodal lines with great sharpness by 
such means. Here I have an arrangement which 
can be used as a practical application of these flames, in 
the detection of sounds, such as a bui’glar filing his 
entrance into a jeweller’s shop, or it may be used in 
automatically registering the presence of sonorous vibra- 
tions. This little table supports three tubes, one of which 
carries the flame. One rod carries a platinum wire, and 
the other a compound riband of silver and platinum. 
When this compound riband is warmed by the flame, it 
bends and comes into contact with the platinum wire, and 
thus closes a battery circuit and rings an electric bell. 
Every time, therefore, the flame is under the influence of 
sound, it will shorten and spread out sideways, and thus 
touch the compound riband, and thereby closes the circuit 
and rings the bell, I have usually a glass cylinder 
surrounding this apparatus to keep it from the surrounding 
draughts. 

It is extremely difficult in a class to show the ordinary 
laws of reflection and refraction of sound, but a sensitive 
flame enables us to do so with great ease. 
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BY PBOFBSSOB T. F PIGOT 

The subject we have to take up to-day is that of light- 
houses, or rather the illuminating portion of lighthouses, 
with a description of the appai'atus used for this purpose, 
which is exhibited in this collection. 

Lighthouses have for their object to direct the course of 
vessels at night, sometimes warning them oif dangerous 
points, whether reefs, rocks, or sandbanks, sometimes 
guiding them in the direction of a channel they have to 
follow. 

Hence it will be at once clear that light thrown upwards, 
above the horizon, and light thrown downwards, towards 
the base of a lighthouse, would be of no use whatever. 

In lighthouses built on land, the land side does not 
require to be illuminated, and even when built on rocks or 
reefs at sea they are generally not very far from land, and 
in that direction their illuminating power does not require 
to be so strong as towards the sea. 

Thus it is that apparatus serving to utilise the upward 
and downward rays of a lighthouse lamp by diverting 
them to the best direction for- mariners must be advanta- 
geous ; and further, if by any means, the rays towards the 
land can be utilised for strengthening the seaward light, or 
in giving greater intensity of light to certain required arcs 
in azimuth, say in the direction of a channel, there wdll be 
a gain to mariners of all that light which would otherwise 
be wasted. 
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In those cases, when certain arcs in azimuth require less 
light than others, a part of the light thrown upon them 
might be usefully spent upon the remainder of the circum- 
ference of light. The appai'atus invented to meet these 
various requirements, and which I am about to describe, 
have reached such a pitch of perfection, that it may be 
almost laid down that all the light from a lighthouse lamp 
can be projected in whatever directions the constructor may 
desire. 

Before entering on a description of the apparatus I shall 
' at once state that all the information upon these subjects, 
as far as I am aware, is to be found in the works of Messrs. 
Alan and Thomas Stevenson, and in that of M. Keynand, 
of the French Fonts et Chaussees Department. These 
works are Mr. Alan Stevenson’s description of the Skerry- 
core Lighthouse, and one called Lighthouse Illumination/’ 
by one of the family. M. Feynand’s is on the lighting 
and buoying of the coasts of France. 

Messrs. Stevenson, following in Fresnel’s footsteps, have 
reached by their inventions, coupled with his, the extra- 
ordinary perfection to which I have alluded. All the cal- 
culations of the forms of Fresnel’s catadioptric rings, and 
of Mr. T. Stevenson’s new forms of prisms, will be found 
in the works I have alluded to, and I shall only describe 
the models before you, their principle and object, with the 
aid of a few diagrams (enlarged fx'om Messrs. Stevenson’s 
works), without attempting to enter into their calculation, 
which would supply by itself materials for a course of 
lectures. 

The first historic lighthouse may be said to be that of 
Corduan on the Garonne in France, erected nearly 300 
years ago, and about 200 feet high, first lighted by a wood 
fire, then in 1784 by Lenoir’s lamps and paraboloidal re- 
fiectors, and in 1822 by Fresnel’s dioptric instruments. 
Then come in order other historical structures, such as 
Smeaton’s Eddystone Lighthouse, twice destroyed by fire, 
and ’ the Messrs. Stevenson’s Bell Bock and Skerrycox*e 
lighthouse, the description of the erection of this last by 
Mr. Alan Stevenson himself being one of the most in- 
teresting records of ability and perseverance in the annals 
of civil engineering. It was for this Skerrycore light that 
the first great improvements in Fresnel’s apparatus were 
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undertaken, and kere is the place to describe FresneFs 
original models and apparatus which are here before yon. 
I should mention here a little discrepancy of terms in 
various authors. In general, reflecting lights are called 
catoptric ; such as are not reflected but are refracted, where 
lenses are used, are usually called dioptric lights. Lastly, 
what I shall presently speak of, certain rings separate from 
the interior lens, are called catadioptric rings. Mr. Steven- 
son has introduced into one of his books the term catadiop- 
trie for a combination of x'cflection and refraction. 

Up to Fresnel’s time paraboloidal reflectors were em- 
ployed, consisting in a paraboloidal mirror of polished 
metal (generally silvered copper) or composed of facets of 
glass as in this model. At that time it was extremely 
hard to obtain glass of the requisite curvature, and they 
were composed of these small facets. There is a great 
advantage in having glass over metal because there is 
a great deal more of the light reflected, and not lost. A 
lamp is j)l^ced at the focus of the mirror, and its rays 
striking the mirror are reflected horizontally outwards. 

The loss of light from highly polished reflectors is con- 
siderable, varying from *31 to *35 of the entire beam, when 
the whole amount is taken as unity, and fi'om lighthouse 
reflectors which cannot be kept at a very high polish it is 
even greater, being about *444, or very nearly half. Lut 
besides this it will be seen that a large proportion of the 
rays from the lamp are cast upwards and downwards be- 
yond the limits of the reflector, and are thus completely 
useless ; but even with this loss this reflector gave so much 
light that it was used for a great many years, and is used 
still. If a number of such reflectors and lamps are placed 
side by side, either on a polygonal or circular framing, and 
several tiers, placed one above another, a bright" light is 
produced. The polygonal form is for a revolving light, the 
circular for a fixed one. This system is still employed in 
many lighthouses, and such reflecting apparatus are called 
catoptric. 

In his dioptric apparatus Fresnel placed round one 
single central lamp a series of planoconvex glass lenses 
(such as you see in the central portion or drum of this 
model), which, by their well-known property, refracted 
horizontally the rays of light from the lamp, and in order 
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to give these lenses a sufficient diameter, lie further con- 
structed them in the form known as that of echeloniied 
lenses, invented first it is said by BufEon, and after- 
wards independently by Bresnel himself. We have here 
the original lenses, constructed by Soleil, the great optician 
of his day in Paris, under Bresners orders. You will per- 
ceive that the larger lenses are square, the corners being- 
made up in a similar manner by portions of an echeloniied 
lens. 

Pig. 1 represents one of these lenses in horizontal 



section. You will notice that the form of the lens is pro- 
duced by revolving a section round a horizontal axis. It 
is the form adopted for revolidng lights, when the lantern- 
is of polygonal form. As the lantern revolves each time 
that a face passes any particular direction in azimuth, 
a hash is emitted through the lens, followed by almost 
total darkness when one of the angles comes round into the 
same direction. These lenses are set in frames slightly 
oblique to the frame of the lantern, so that in the case of 
a complete beehive, such as this, the fiash is prolonged, the 
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upper and lower portions (of wMch we will now speak) not 
being exactly directed towards the same arc in azimuth 
with the central drum. In the splendid light exhibited in 
the grounds outside this collection, constructed by Messrs. 
Chance Brothers for the Little Basses lighthouse, Ceylon, 
another arrangement of the lenses is adopted. It is like 
one of these complete lenses cut in two, and the two 
halves given a slight angle, so that there is a double 
flash. 

To utilise the light passing above and below these 
lenses, Fresnel invented what are called catadioptric rings 
or zones. These he only used for small lights of what are 
called the fourth order, and it remained for Mr. A. Stevenson 
to apply the same principle to the larger lights. Before 
proceeding with this I shall say one word with i*egard to 
the manner in which catadioptric rings are formed. There 
is in every transparent substance what is called a critical 
angle. If a ray passing through one face of a prism, meets 
another face at an angle less than the critical angle of the 
material, that ray is totally reflected, and no refraction 
takes place. 

The paths of the two**extreme rays for each prism really 
determine its form. Of course everything connected with 
the direction of these rays depends upon the index of re- 
fraction of these various glasses, of which flint glass is the 
highest. I should mention that the curves there, instead 
of being the true curves, found by f ormulse, are always made 
circular, and the other sides are either straight, or one 
slightly concave, and the other convex. The ray passes on to 
meet the prism, and a similar calculation gives its foi'm. The 
prisms you see in these beehive-formed lights are con- 
structed on this system, and the lower prisms are similarly 
calculated. With this arrangement all the light is utilised, 
and sent out in as many parallel groups of rays as there 
are sides to the polygonal lanteim or beehive. When only 
a fixed light is required, which is to be seen from all points 
of the compass, the polygonal form would not answer, as 
the arcs in azimuth near the angles would be in darkness. 
For this purpose Fresnel adopted a circular lantern, the 
lenses of prisms being generated by the same section, but 
revolving round a vertical axis passing through the centre 
of the lamp. Here is one of that foi'm of the fourth order 
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of lights. For large lights Fresnel employed ranges of 
lenses below and above the central drum which parallelised 
upwards and downwards the rays from the lamp which 
were there reflected horizontally by corresponding parabo- 
loidal mirrors. 

I must not omit to refer to Fresnel’s first catadioptric 
apparatus used for lighting the canal St. Martin, con- 
structed in 1825, and to this vrooden model for an- 
other similar but larger one. There is also exhibited 
here his first lens, polygonal in form, in consequence of 
the difficulty at that time of executing lenses in glass. 
Here are besides two other lenses, one polygonal, the other 
circular, for lights of the first order (this one being in 100 
pieces). 

Before proceeding further I shall here notice the various 
improvements in reflector lamps. The portion of the para- 
boloid behind the focus is replaced by a spherical mirror* 
which throws back the light to the flame to be transmitted 
to the front. The upward and downward rays are caught 
by a lens whose position is determined so as to catch the 
rays from the lamp which would not meet the mirrors, 
without interfering with the action of the reflector. The 
lens can be placed either inside the reflector or altogether 
outside, leaving its centre open to let the rays from the 
reflector pass through. 

M. Bordier Maret invented a double reflector sending 
light in two opposite directions, composed of tv^o parabo- 
loidal reflectors, back to back, with a common focus. If 
this section is made to revolve round a vertical axis pass- 
ing through the common focus, a lantern at this focus will 
send its rays horizontally to all points of the compass. 
A paraboloidal mirror revolving round the lamp gives 
a flash at every point in azimuth in one revolution. 

I shall now describe the various improvements invented 
and put in practice by Messrs. Stevenson. I shall first 
take up the case of mirrors. Messi's. Stevenson employed 
in 1814 the parabolic mirror with a lens in front to catch 
the rays diverging beyond the I'eflector or mirror, and -with 
a spherical mirror behind the lamp, so as to turn back the 
rays to the focus, and by these means he utilised almost all 
the rays. Subsequently he invented a glass spherical mirror 
of which Fig. 2 is a section. The diagram on page 208 
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shows the path of the rays and the form of the section. 
The ray enters normally, and therefore without loss, it is 
totally rejected at r' and returns again without loss. 
There is a circle whose radius is the lamp where para- 
bolas whose common focus is F ought to be used. They 
are commonly made circles, osculating the parabola. The 
whole section is then made to turn round a vertical axis. 
The rings are now made separate from each other, a form 
adopted by Mr. Chance of Birmingham, and approved of 



by Mr. Stevenson. The great advantage in these mirrors 
is in the diminished loss of light by reflection, the loss 
being only about *230 in place of *444, the loss in metallic 
mirrors. The apparatus you see here is what is called a 
dioptric holophote. It is composed of one of these glass 
totally reflecting mirrors, with an echelonned lens in front. 
When in front of such an apparatus straight prisms are 
placed of the form indicated in the section (Fig. 2), the 
rays are all collected into foci, as at/'/', and then diverge 
into an azimuthal angle due to the number of prisms, thus 
the light will be seen in a vei'tical strip of the breadth of 
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the prism c c. This system of prisms employed by Fresnel 
for hashes may be used for increasing the divei'gence and 
intensity of light in certain arcs of azimuth. 

We now come to what is called condensing apparatus, 
which consists in utilising the useless rays which would 
otherwise fall on the land, or on some parts of the horizon 
where they are not wanted. This apparatus which I shall 
now describe is a fourth order condensing apparatus con- 
structed for the Lamlash lighthouse. Fig. 3 is a vertical 
section of the prisms and lenses of the Tochindaal con- 
densing apparatus, and applies equally to the Lamlash 
model. ABC is a half beehive on Fresnel’s system. In 
this case the angle in azimuth to be strengthened is of 82®. 



The rays from the central Fresnel beehive over the arc h c 
are diverted by vertical prisms sho-wn in section at 1 to 1 6, 
and, to take up less space, some of them, namely 10 to 14, 
are placed behind the others, and room is made between the 
front prisms for their rays to pass by ; using twin prisms 
such as from 4 to 9 to give more space. The rays from 
the whole semicircle, ahc, are thus utilised on the arc ah i 
for the most divergent rays of prisms, 1 and 14, are nearly 
parallel to the radial lines /a, fb. The half not represented 
of the circle ahc is completed by a dioptric spherical mir- 
ror, which sends back all the rays striking the focus /. 

It will be remarked that the central zones of these 
mirrors are close together, the upper and lower are also 
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spherical, but of increased radius ; this is what gives the 
irregular appearance to the back of the mirror. By the 
construction of all these apparatus the light from the lamp 
is all utilised for illuminating an arc in azimuth of 8 2*^. 

The last of these lights I have to describe is the fixed 
azimuth condensing light for Buddonness at the entrance 
of the Tay, to illuminate an arc of 45°. It is in the collec- 
tion, but the model is too large for transport. I have here 
vertical and horizontal sections showing the lenses and 
prisms employed. There are nowhere above four refractors 
and four total reflections of a ray. Five optical agents are 
employed in the construction. As an example of the 
utility of this I will give you a rough plan of the place it 
was intended fpr, namely, the Isle of Oronsay near the 



Isle of Skye, where the light is utilised for guiding ships 
along two channels. I must now hurry on to say one 
word about a highly important part of illumination in light- 
houses. You have often buoys and beacons placed in har- 
bours, some of them almost unapproachable, and where it 
may be difficult or impossible to erect a lighthouse ; hence 
what are called dipping lights have been employed. A 
lighthouse on the adjacent coast contains not only its own 
summit light, but also a light from a window, as repre- 
sented, dipping towards the direction of the reef or rock, 
and of such divergence that when a ship comes within 
range of it, mariners will know that they must change 
their course. Sometimes in place of a window light, part 

VOIi. II. 
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o£ the light o£ the upper lantern is collected by lenses 
below it, and reflected out in the required direction. I£ 
there is danger* of confusion between the two lights, the 
upper one can be white, the reef light red. ^When the 
land is low and the danger distant the dipping light would 
be insufficient for protection, and another course has been 
resorted to, namely, that of apparent lights. One of these 
has been erected at the entrance of Stornoway Bay with 
perfect success. The beacon is rarely accessible. Its light 
is thrown from a window of a lighthouse in a strong hori- 
zontal beam on a mirror on the beacon, from which it is 



Pia. 5. 


reflected through a lens so as to diverge in the required 
direction for ships entering Stornoway Bay. 

The silver of the mirror gets injured by damp, but after 
attempting hermetically sealed lanterns it was found neces- 
sary to unseal them as the sea air got in through the putty, 
and caused a haze over the glasswork. Mr. Stevenson's 
new prisms have been used for the same purpose, but in 
that case this prism sei'ves instead of the mirror and lens. 

In spite of all these improvements there appears little 
doubt that a good reflector', with a holophote such as I 
described before, gives excellent results. Mr. Stevenson 
recommends that the metal section of the reflector shall 
be parabolic, the hoiizontal section hypei'bolic, oi* elliptic, 
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so as to give a certain amount of divergence (without in- 
terfering with the holophote for the central cone of rays). 
He recommends mirrors of silvered glass fixed together 
by Canada balsam, a substance which has nearly the index 
of refraction of plate glass. I have now given a very brief 
description of these beautiful apparatus, and if I had time 
I should wish to give some description of the system em- 
ployed for insuring a steady burner for the lamp, hut I 
believe you will hear this portion of the system described 
by one much better skilled in the subject than I am. I 
will, however, just direct your attention to the concentric 
wicks employed for burning oil ; the transparency of flame 
rendering the internal portion available. The mechanism 
for keeping up the supply of oil is an ordinary clockwork. 
How the electric light is often employed in place of rock 
oil and paraffin. In all cases when necessary it is possible 
to vary the colour of the light by colouring the lenses and 
prisms in the portions required. E-ed is the ordinary 
colour used when a second colour is required, but other 
colours may be useful for purposes of distinction. 

On the table are examples of lamps for ship’s sides of 
various colours on Fresnel’s principle. 
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BY PROCESSOR FORBES. 

Amokg the instruments that may be seen in the Lioan 
Collection at present there are many that have been used 
in those great researches that have laid the foundations of 
physical science- It is important as much for those who 
are engaged in teaching science as for those who investigate 
it to study these instruments, to note theix- merits, to 
observe their defects, to judge how far we are to accept the 
results as conclusive, and to reconcile the contrary results 
sometimes obtained by different observers, owing to their 
having employed different forms of apparatus. It is also 
important that those engaged in teaching physics should 
have the opportunity of coming in contact with these in- 
struments, and learning from those who have been employed 
in such investigations the peculiarities of the instruments, 
which can be learnt only by experience. 

Having been lately employed in experiments on the 
velocity of light, I have been honoured by the request that 
I should open this course of lectures with an account of 
what has been done in this important inquiry, and I 
willingly undertook the task, because the means of experi- 
mental research employed are as instructive as they are 
ingenious. 

This is a subject which might at first sight seem to be 
beyond the scope of man's inquiry. But the problem has 
been attacked by the most skilled experimenters, and has 
been solved to an extent that does credit to the ingenuity 
of the methods employed. 
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Tlie ancients had very vague notions about the nature of 
light. They supposed that something was sent out from 
the eye which acted the part of a feeler, to inform a person 
of the position of diherent objects. This is quite op^josed 
to all our knowledge of physics. The true theory could 
not fail to gain ground so soon as it was enunciated, viz., 
that something passes from luminous objects, and either 
strikes our e^^es directly, or may do so after having first 
been intercepted by other objects. Thus we obtain an idea 
of the existence of luminous and illuminated objects. 
What is this something that passes to the nerves of the 
eye ? This question has been answered by the two theories 
that were for a long time rivals; the corjmscular theory 
supposed that it was matter in a finely divided form that 
performed this function. The tmdulatory theory, on the 
other hand, assumed the exciting cause to be an undulation 
like the waves of the sea, that are propagated through a 
medium filling all space, and permeating the mass, at least 
of all transparent bodies. It is not my purpose tc-day to 
explain to you the number of proofs that combine to render 
this theory more than probable, but we shall see how the 
experiments about to be described settle the question 
between the corpuscular theory, as enunciated by Newton, 
and the undulatory theory. This last was first propounded 
by Huyghens in 1090, and -was taught in the following year 
at St. Andrew’s University by James Gregory. But the 
full expounding of it was done chiefly by Bresnel and 
Young at the beginning of the present century. 

But let us return to the question of the velocity of light. 
The first man who gave reasons for believing that light 
takes a sensible time to pass through space, was the Danish 
astronomer Boemer. He found at his observatory at 
Copenhagen that the eclipses of Jupiter’s satellites could not 
otherwise be explained than on the assumption of a uniform 
revolution of these satellites ronnd the planet. Moreover, 
he made the curious discovery that this inequality depended 
on the position of the earth, and that in consequence it 
could hardly he due to any real inequality of motion of the 
satellites round the planet. The fact that he noticed was 
this, that when Jupiter was on the side of the sun away 
from the earth, the eclipses -were later than the predicted 
time, and when on the same side they were earlier. Bow 
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in the first case the light has to pass over a distance greater 
than in the second case by a quantity that may amount to 
thte whole diameter of the earth's orbit. This will be easily 
understood by a glance at the diagram. This is exactly 
the kind of effect that would be produced on the assumption 
that light takes a sensible time to pass over space. Boemer 
found that the maximum difference of time was about 
eighteen minutes. At that time there was no knowledge 
about the size of the earth's orbit, except from some inge- 
nious speculations of the accomplished J eremiah Horrocks. 
But with our present knowledge of the distance of the 
sun, this would indicate a velocity of 310,000 miles a 
second. 

On reading the scientific literature of that day we find 
that there was a general scepticism prevalent as to the 
brilliant discovery of Boemer. It was not until Bradley 
announced his discovery of the abeiu^ation of light, in 1728, 
that men of science generally accepted these views. 
Bradley was employed at that time in making accurate 
observations on the star Y Draconis, to attempt to find a 
change in the place of the star produced by the change of 
position of the earth in her orbit, which had been 
announced as observed by Hooke. In technical language, 
he was trying to measure the parallax of the star. He 
chose this particular star because it passed so near the 
zenith, and so the errors of refraction were reduced to a 
minimum. He certainly found an annual change in the 
position of the star. But it was produced at a time when 
parallax could not produce any effect. 

To understand how the gradual propagation of light 
could produce such an effect, let us look at the diagram. 
If the earth remained fixed in the position e, the star s 
would of course be seen in the direction e s. But if the 
earth move over the distance b e, while the light from the 
star passes over the distance a e, then the star will be seen 
in the direction e s^ for that is the direction of the ray of 
light relatively to the earth. An analogy will make this 
clearer. In a steady downpour of rain, if you are standing 
still you hold your umbrella upright ; but if you are walk- 
ing fast you incline your umbrella forward to catch the 
rain-drops. So when the earth is moving in a direction at 
right angles to the ray of light coming from a star, you 
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must mcliue your telescope forwards to catch, the ray of 
light, that is to make it pass along the same path in the 
telescope. The amount that the telescope has to be moved 
is the angle s b s'. This explanation is quite clear on the 
corpuscular theory, but the same explanation has been 
shown by Stokes to apply to the undulatory theory also. 

Bradley called this source of error the aherration of lights 
and found that it amounted to 20'''. The tangent of this 

angle, or — = ^ hence, from Bradley's observations, 

the velocity of light is 10,210 times the velocity of the 
earth. ISTow the distance of the earth from the sun is 
about 92,000,000 miles, hence the circumference of the 
earth's orbit is this quantity multiplied by 6 *283 18; and 
this distance is accomplished in 365| days. This gives us 
19 miles a second as the velocity of the earth, and 194,000 
miles a second as the velocity of light. 

A more accurate value has since been obtained by 
Wilhelm Struve, and since confirmed, of 20", 445. This gives 
us a proportionally altered value for the velocity of light. 

The results which had now been obtained, while they 
were sufiB.cient to give a fair idea of the amount of the 
velocity of light, still left room for much more important 
work. In both the methods hitherto spoken of, the velocity 
of light was calculated from an assumed knowledge of the 
distance of the sun from the earth. But you will easily 
see that this is a very difiacult thing to determine, when 
you remember the expense and trouble that was spent in 
1874 to find it more accurately by the method of the transit 
of Venus. It was an important object then to measure 
the velocity of light by some independent means. This 
diffi-cult problem was first attacked by M. Bizeau ; and with 
perfect success. 

We have before us the apparatus employed in this 
splendid investigation. The problem seems hard enough. 
A beam of light was to be sent from the observer’s station 
to a distant reflector, and the time occupied before it 
returned was to be measured. Brom the figures I have 
already given you, you will see that this must be a very 
small fraction of a second. The method employed by M. 
Bizeau was extremely ingenious. Here is a disc that is 
blackened to prevent it from reflecting much light, it has 
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ronnd its circumference a number of notcbes, like tbe 
teetb of a cog- wheel. This wheel is 4 inches in diameter, 
and there ax'e 1,000 notches, or teeth, in its circumference. 
By the mechanism which you see appended, a great 
velocity can be given to it. 

The principle upon which this acts is very simple in 
theory, though it requires a little care in the practical 
working. The object aimed at is to send a beam of light 
past the edge of the disc, so as to pass through a notch 
between two teeth. It is then to pass over a considerable 
distance to a reflector, from which it is sent back. But on 
reaching the revolving disc it may happen that the space 
between two teeth through which the light passed before, 
is now occupied by a tooth, so that the light is not allowed 
to return, so that an observer will not see the reflected 
light if the disc be rotating at such a rate as to bring a 
tooth into the position previously occupied by a space, after 
a time equal to the time taken by a light to pass over the 
distance to the distant reflector and back. It is thus clear 
that if the experimental arrangements were properly 
carried out, the observer would see no retimn of light. If, 
however, the disc were rotated still more rapidly, it might 
happen that in the time taken by light to pass over the 
given distance the disc has revolved so that the return 
light passes through the notch next to the one through 
which it passed on its outward start. Thus, as we incx'ease 
the rate of rotation of the disc, we get alternately a full 
return of light and complete darkness. 

Here we have the apparatus by means of which Fizeau 
overcame the difficulties of the problem. Tbe revolving 
disc is placed in the focus of a telescope, the.' eye-piece is 
detached, and between the disc and the eye piece there is 
an inclined piece of glass. This serves as a reflector, to 
send the rays from a light at the side along the axis of 
the telescope, concentrating them on the edge of the 
notched disc. From this point the rays diverge to the 
object-glass of the telescope, whence they emerge parallel. 
The apparatus is so arranged that the reflecting apparatus 
is at a distance of some miles, and is seen in the telescope 
just on the edge of the notched disc, which, of course, is 
also in focus. Perhaps the most ingenious part of the 
apjmratus is the reflector, which may be described as a 
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reflecting collimator. It consists of a telescope pointed 
directly upon the observing telescope. The eye-piece is 
removed and replaced by a reflector which slides into the 
place of the eye-piece^ and exactly reaches to the pjriiicipal 
focus of the telescope. We see now that the rays coming 
parallel from the observer's telescope, fall upon the object- 
glass of the reflecting collimator, and are brought to 
a focus upon the small mii'ror. The reflected rays diverge 
to the object glass, and if the instrument is in perfect 
adjustment, they must retrace their path. Thus they fall 
parallel upon the object-glass of the observer’s telescope, 
and are brought to a focus at exactly the same part of the 
notched disc as they emeiged from. Thence they fall upon 
the plane glass, and while some of the rays are, of coimse, 
lost by reflection, a considerable part are sent through, and 
can be observed through the eye j)iece. 

We have now traced the rays of light from tlie source of 
light to the distant reflector and back ; and I wish to draw 
youl' attention specially to three results of this arrange- 
ment, which are highly instructive to all those who are 
engaged on optical experiments. 

1 . You notice that the rays that pass to the reflecting 
collimator diverge from a definite part of the notched disc, 
and after their return are brought back to exactly the sanie 
point. 

2. The collimator does not require to he perfectly 
adjusted — a thing that would be impossible, and that 
renders the employment of a plane mirror useless, for if it 
be not directed perfectly, still the rays will be returned on 
their own path, so long as the mirror is exactly in the focus 
of the object-glass. 

3. There is very little loss of light if the instruments 
are in perfect focus. This was important to Fizeau, as it 
enabled him to use a long distance. 

You can see the dimensions of the apparatus by inspec- 
tion. The object-glasses are about inches diameter, and 
30 inches focal length. The disc is 4 inches diameter, and 
has 1,000 teeth. The distance employed by Fizeau was 
more than 5 miles ; or exactly 8,633 metres. This was at 
Paris, from the height of Montmartre to a house at 
Suresnes. He found that the first eclipse occurred when a 
rotation of 12*6 tuims a second was given to the disc. The 
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rate o£ rotation was measured by a counter which you may 
see attached here. We know then that light takes the 
same time to pass over 17,266 metres, as a tooth of the disc 
takes to reach the position of a notch. But to do this it 
must turn through the of a revolution, therefore 

this interval of time is a second divided by the product of 
12*6 and Hence, in one second light passes over 

a distance of 17,266 metres multiplied by 25,200. This is 
435,000,000m. a second. 

The final result arrived at by Tizeau was that light 
travels at the rate of 70,948 leagues in a second, there 
being 25 leagues to the degree. 

The experimental investigation that has now been dis- 
cussed is one of the most ingenious and difficult that have 
ever been undertaken. The chief difficulties arise from the 
want of light in the reflected image, and the illumination 
of the field by extraneous light The chief obstacles to 
an exact measurement by this means are, 1, the difficulty 
of measuring the velocity of rotation of the notched wheel 
at any moment. 2. The eclipse of the light is found 
practically to continue during a considerable variation of 
the velocity of the disc. Hence it becomes necessary to 
measure the velocity when the eclipse is first produced ; 
and also the greater velocity when the eclipse ends. Hence 
it is necessary that the intensity of the source of light 
should remain constant. 3. It is a very difficult observa- 
tion to determine exactly when an eclipse takes place. This 
depends very much on the amount of sensitiveness of the 
eye, which varies with the size of the pupil, a thing that 
is constantly changing. Seeing that there are so many 
difficulties in the method, it is to be regretted that Fizeau 
never published the details of his observations, so that we 
might judge of their agreement with each other. 

We now come to a branch of the subject of enormous 
importance. I have already said that there were two 
theories to account for the propagation of light. The only 
evidence in favour of the undulatory theory, was that it 
explained a large number of facts that either could not be 
accounted for by the corpuscular theory, or else were ex- 
plained in a clumsy way that was too artificial to merit 
belief. 

This was a very important piece of work, but a great 
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deal was still left, whicK it was desirable to experiment 
upon* I have told you that the question of the velocity of 
light was able to satisfactorily settle the question between 
the corpuscular theory of light as enunciated by Newton, 
and the undulatory theory. How was that possible % It 
depended on the explanation of the theory of refraction. 
The refraction of a ray of light when it falls on the 
surface of a dense medium, is such that it is bent down“ 
wards towards the normal, as you know. In order to 
explain this, Newton supposed those particles of matter, 
the corpuscles, wei'e attracted downwards towards a dense 
medium, and that therefore as soon as they came within 
the sphere of attraction of this medium, they came with 
greater velocity downwards, and so in passing through the 
medium they were deflected downwards, and also went 
with greater velocity. The explanation afforded by the 
undulatory theory, on the other hand, assumes that in a 
dense medium the velocity of light was less than in a 
light medium such as air, consequently it was pointed out, 
by Arago especially, that a determination of the relative 
velocity of light in air and water would be a conclusive 
crucial experiment to settle which of these two theories 
was true. At the time Arago pointed this out, the late 
lamented Mr. Wheatstone had just employed a most 
ingenious apparatus, the revolving mirror, in the deter- 
mination of the velocity of electricity. Here we have a 
mirror belonging to the Paris Observatory, founded, I 
presume, simply on Wheatstone’s model. It is a piece of 
mechanism designed with great skill by M. Ereguet, the 
accomplished French mechanician, in order to give a great 
velocity of rotation to this little mirror. Wheatstone had 
used this mirror revolving with very great velocities. You 
can easily get a thousand revolutions in a second, and if 
you have such a velocity, and there is a beam of light 
falling upon it, then the reflected beam wdll be tm-ned 
through an angular distance with very great velocity ; and 
Arago proposed that a beam of light should he thrown on 
the revolving mirror, and then should be sent a little 
distance and reflected back again upon it. The mirror 
having been in that time rotated through a small angle, 
the reflected ray would be displaced through twice the 
angle through which the mirror was rotated. If the mirroi' 
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were fixed, tlie ray would be reflected back in a perfectly 
deflnite direction ; bnt since the mirror is rotating, it will 
be turned through a sensible angle, and therefore it will 
reflect the ray back in a slightly difierent direction. This 
idea, proposed by M. Arago, was fii*st successfully carried out 
by M. Foucault, and here we have the apparatus which 
was used by him in the determination of the velocity of 
light. This is the instrument he used to give a great 
velocity of rotation to the revolving mirror. This is 
simply a syren, an instrument for producing musical notes 
of different pitch, founded upon a principle first employed 
by Cagniard De La Tour. It is driven by air or by steam. 

Foucault employed steam to drive this syren, and the 
steam or air plays a double part. In the first place, it 
causes, by an action similar to that of a turbine, the disc 
to revolve, and with it the associated mirror. In the 
second place, the air passing through these holes, which 
allow it to acquire very rapid motion from the air, pro- 
duces a musical note, and the faster you rotate the mirror, 
the higher is the tone of the musical note produced. Here 
is one of a more powerful form, and you will be able to 
hear that the more rapidly the apparatus is blown the 
higher will be the note we produce. If we increase the pres- 
sure you will hear the musical note heighten in pitch. The 
tone of the note is gradually rising, as we increase the 
velocity of rotation. Then by means of a tuning-fork 
M. Foucault was able to tell the number of times this 
rotated in the course of a second, and the velocity varied 
from 200 to 800 revolutions. The light was sent from the 
side just as in M. Fizeau’s apparatus. It fell on an inclined 
mirror, and was reflected through a lens on to a reflector, 
through that to another reflector, and then hack again, so 
that by the time it got hack, the mirror had turned 
through a sensible angle, and an observer here is able to 
measure the e^iact distance through which the beam of 
light has been deflected. M. Foucault employed here a 
network of fine platinum wires, eleven to the millimetre, 
which was illuminated by the light, and consequently when 
he examined it through this netwoi’k, he was able to see 
the network, and he employed glass of such a thickness, 
that the reflection from the two surfaces of the glass over- 
lapped; that is to say, that the first reflect^^n of one of 
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these platinTim wires exactly covered the second reflection 
from the other platinmn wire, so that he got a doable 
intensity of light. This was a very ingenious application 
of optical principles to increase the intensity of the light. 
In his communication to the Academy of Sciences in 1850, 
M. Foucault was simply measuring the relative velocities 
of light through air and throiigh water, and he did so by 
interposing between two of the mirrors a tube half full of 
water, so that part of the ray of light went through the 
water and part went through the air, and he found that the 
light which was passing through the air was deflected from 
its natural position more than the light which passed 
through the water, in the ratio of four to three, showing 
that the velocity of light in air is ^ of the velocity of light 
in water ; exactly, in fact, in proportion to the refractive 
indices of the two media. This brilliant result completely 
settled the question of the two theories of light as they 
were at that time enunciated, and the undulatory theory 
has acquired, I will not say an absolute certainty, but we 
are much more nearly certain than we could possibly have 
been without such an experiment, and the corpuscular 
theory of light enunciated by Newton is absolutely un- 
tenable. 

Exactly on the same day that Foucault communicated 
these brilliant researches to the Academy of Sciences, 
Fizeau also laid before the Academy a description of the 
same apparatus which he had momited for the same 
purpose. But there had not been sufficient sunlight since 
it had been mounted in order to give him a definite result, 
and consequently he could not give the results at that 
time. In the year 1862 Foucault redetermined the absolute 
velocity of light in the same manner by employing the 
same apparatus which I have just described, and on this 
occasion he increased the distance which he employed, by 
interposing more mirrors before the light was jQnally 
reflected back again, so that he was able to get a distance 
five times as great as the one he had employed before j and 
in these experiments he employed the surprisingly small 
distance of nearly four metres at first, and in the second 
instance a distance of only twenty metres, and yet he was 
able to measui'e accurately that small interval of time 
which was taken by the light passing over that distance. 
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The results lie conmimiicated to the Academy in 1862 were 
stated by him to be remarkably accordant. He said that 
the experimental values he obtained did not differ by more 
than one -hundredth part o£ the whole quantity to be 
measured, and finally, as the result of his work, he stated 
that the velocity of light was not what it had been sup- 
posed to be, but decidedly less ; instead of being 308 
million metres per second he found it was only 298 mil- 
lions. He pointed out the very great importance of this 
result, because employing the constant aberration — -that 
quantity which Bradley investigated, as it had been deter- 
mined by astronomers, as being an angle of 20*45", which 
was the value Struve gave to it — he found the parallax of 
the sun was no longer 8*57^^ but 8*86", and consequently 
by this measurement of the velocity of light he diminished 
the distance of the sun by 3,000,000 miles. This was a 
very important result, especially at the time at which it 
was announced. M. Hanson, the illustrious astronomer, 
whose tables of the moon are better than any constructed 
before, pointed out that the theory of the moon did not 
agree with observation, on the assumption that the distance 
of the sun is 95,000,000 of miles, and in order to make 
theory agree with observation it was necessary to reduce 
the distance between the sun and the eai*th to about 
92,000,000 of miles. How this was exactly what Foucault 
showed was necessary from the theory of the velocity of 
light. Other circumstances combined to render this true, 
and Mr. Stone, then Chief Assistant at the Royal Obser- 
vatory at Greenwich, pointed out that when we discussed 
the observation of the transit of Venus of the last century, 
by interpreting the words of the obseiwers in the true 
manner, those observations also did not give 95 millions 
of miles, as Encke had supposed, but gave a distance of 
somewhere about 92,000,000. All these facts combined 
together seem to make it nearly certain that that was the 
real distance of the sun from the earth. This was the 
reason that all the civilised nations of the world combined 
to get as accurate a value as they could from the transit of 
Venus which took place in 1874. 

^ A great deal of importance attends this exact determina- 
tion of the velocity of light, not only in this way, but also 
in other matters. In the system of observation which has 
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been brought into play during the last few years by the 
labours of Mr. Huggins by means of spectroscopic observa- 
tions of stars, he is enabled to measui’e the velocity of the 
light of different stars towards or from the solar system, 
not at right angles to the line of sight, but in the line of 
sight ; but those researches, the truth of which was con- 
siderably doubted by German astronomers until lately, 
have been confirmed by a magnificent new spectroscope 
lately erected in the Observatory at Greenwich. In order 
now to determine the velocity of approach or recession of 
different stars from or towards the earth, it is necessary to 
know with considerable exactness the velocity of light, and 
this is another reason why it is important to have this 
constant accurately determined. 

Thirdly, and perhaps the most important of all, Professor 
Clerk Maxwell showed many years ago, in following out a 
brilliant idea of Paraday, that all electrical and magnetic 
phenomena are dependent upon the existence of a medium 
filling space between the electrified and magnetised bodies, 
and that there are lines of tension along the lines of force, 
and lines of compression perpendicular to the lines of force. 
Pi’ofessor Maxwell, in following out this brilliant idea, 
and putting it into mathematical language, has been led to 
the conclusion that the function played by this medium 
imagined by Faraday is exactly such a function as could 
be played by the ether, of whose existence we have inde- 
pendent proof. And moreover there is a certain numerical 
quantity in electrical measurement which has been measured 
with great accuracy by Sir "William Thomson and his 
assistant, a quantity which connects two systems of elec- 
trical measurements — the electro-statical system, and the 
electro-magnetic system of measurement. This quantity 
Professor Clerk Maxwell states, ought to be exactly the 
same as the velocity of light if the ether performs the func- 
tion of that medium which Faraday conceived, and he has 
pointed out that this quantity, Y, determined in electric 
measurement is as nearly as experiment will allow exactly 
the same as the velocity of light. This enormously im- 
poirfcant result of Clerk Maxwells researches gives the 
determination of the velocity of light and of that constant 
in the electrical measurement of matter of the very utmost 
importance, because it is very likely to lead to a more 
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mtimate knowledge of the nature of electrical and magnetic 
phenomena. Consequently different people have under- 
taken again to repeat the measurements of the velocity of 
light. 

M. Cornu at Paris has repeated the experiment on 
Pizeau's plan, hut he avoided this little source of error 
which I pointed out to you in making the determination of 
the velocity of rotation. He has an electric contact with 
one of these wheels, which marks upon a chronograph each 
revolution of the wheel. The chronograph is also in con- 
nection with a clock, which works a dot at each second ; 
and by comparing the marks upon the strip of paper which 
are impressed upon it by this toothed wheel, and the marks 
impressed by the seconds pendulum of a clock, he is able 
to tell at any instant the exact velocity of rotation of the 
toothed wheel. He has also introduced probably other 
great improvements into the method of Pizeau, but the 
experiments have not been published in detail, so that we 
can hardly judg^ at present of their absolute accuracy and 
of their agreement with each other, but they have gone to 
show that the result obtained by Foucault was extremely 
close to what he found from his experiments by the method 
of Pizeau. 

In conclusion, it may he worth while perhaps to point 
out a slight adaptation of the method of Pizeau which was 
undertaken by Mr. Young previous to the time when Cornu 
published his results. It has not as yet been completed, 
hut at the same time it is perhaps worthy of being pointed 
out. The difficulty which is attempted to he got over is 
this : Pizeau had to observe the exact time when an eclipse 
took place of the distant spot of light — the exact velocity 
which was required to give the eclipse. IsTow you all know 
perfectly well that a very feeble light, when it becomes 
nearly eclipsed, will be so feeble that it will be invisible to 
the eye, so that there will be a sensible variation of 
velocity, during which the light will always seem to be 
eclipsed ; and in order to get any accurate value at all 
M. Cornu in his experiment observed the velocity which 
first gave an eclipse and the velocity when he first saw a 
return of the light, and took the mean of those to indicate 
the true velocity, which gave the absolute eclipse. But it 

very difficult to say when an eclipse actually takes place* 
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It depends very mucli on tlie condition o£ the eye and the 
dilatation of the pnpil. All experiments go to show that 
it is very difficult to say exactly when a feeble light is 
visible and when it is not visible. How the method em- 
ployed by Mr. Young avoids this completely. Instead of 
having one collimator at the distant station, there are two, 
one fixed about half a mile further away from the obseiwer 
than the other. As we increase the velocity of rotation of 
the toothed wheel, the reflection from the more distant col- 
limator will of course be the fii'st eclipsed. At first two lights 
are seen on the edge of the wheel, namely, the two lights 
inflected from the two collimators. As you increase the 
velocity of rotation you fir*st see the light reflected from 
the distant collimator eclipsed, while the other one is still 
tolerably bright. You increase the velocity, and the 
distant collimator comes again into view before the second 
one has been eclipsed, and you compare the intensity of 
those two lights, and may measure the velocity which is 
necessary in order to render those two lights exactly equal, 
the one having passed its eclipse and the other not yet 
having reached its eclipse. When you have got that exact 
velocity, and have found the two lights exactly equal, you 
know that is the velocity required to produce an eclipse, 
if you had one collimator fixed half-way between the two. 
This method will probably give very much greater accuiucy 
than any other which has been employed, but no absolute 
measurements have yet been obtained. 

There is only one step further which we can hope to go 
in these measurements of the velocity of light. There is one 
point which has been always necessary in the undulatory 
theory of light, and upon which experiments are wanted 
to render it still more certain, and that is the question of 
dispersion. This was an objection which was raised against 
the undulatory theory long ago. Granting these experi- 
ments and the results to which they lead, the velocity of 
light in water and in air ought to have a definite ratio, be- 
cause the elasticity of the ether in water has a definite ratio 
to the elasticity of the ether in the free air j consequently 
the elasticity of light in water of all colours should be the 
same ; but we know perfectly well from experiment that 
a beam of white light falling on the surface of a dense 
medium is divided into its different colours, the dark rays 

YOL, II. Q 
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being bent down mncli more tban tbe red rays are, and 
conseq[nently tMs nndnlatory theory must assume that the 
velocity of light is different for different colours in a dense 
medium. We know that it is not so in ether or in the 
atmosphere to any appreciable extent, for otherwise, in 
the occultation of a star, when a star reappears from 
behind the surface of the moon, if the violet rays travel 
quickest, the star should first appear violet, and then the 
other colours should gradually be added ; but such an 
effect has never been observed. But it is quite possible 
that in a dense medium the velocity of the violet rays may 
be less than the velocity of the red rays. The theory has 
only partially been worked out by the brilliant investiga- 
tions of M. Cochet, but he founded his theoi^y on an 
assumption as to the nature of the ether which is quite 
untenable ; nevertheless the nature of his results was to 
show that the velocity of light in a dense medium would 
depend on the wave-length of light, that is to say, on its 
colour ; and it is extremely probable that although M. 
Oochet employed an erroneous theory of the nature of the 
ether, that any true theory which we could work out would 
lead to the same results as those which he got. TTowever, 
it is a very great desideratum to prove that the velocity of 
light in a dense medium is dependent on the colour of the 
light which is passing through the medium, and it is to be 
hoped that before many years suck a result may be 
obtained. 

I think I have now described nearly all the facts which 
have been observed in connection with the velocity of 
light hitherto, and you will see that although it is a sub- 
ject of very great difficulty, it has been attacked from very 
different sides, and in all cases very concordant results 
have been obtained ; and this does enormous credit to the 
ingenuity of the methods employed, chiefly because these 
methods wex^e so entirely original. 



APPARATUS FOR PHYSIOLOGICAL 
INVESTIGATION. 

BY DR. BURDON-S ANDERSON. 


Whenever it happens that I have to discuss the progress 
of discovery in physiological science during the present 
century, the fact forces itself on my mind, that the year 
1850 marked the commencement of a new era — an era 
which can he compared in importance with none excepting 
that of Harvey. The two epochs differed, however, from each 
other in one remarkable respect : that, whereas Hai*vey's 
achievement was a consummation, the other was merely a 
commencement. Harvey, by his crowning discovery, gave 
meaning and completeness to the discoveries of his pre- 
decessors, but the process which began from the middle 
year of the present century has been a gradual one, of 
which the rapidity and extent are still increasing. It 
cannot be regarded as the work of any one individual, or 
as the result of any one discovery. If it be asked how 
this is to be accounted for, the answer must be, that it 
arose out of the still more rapid progress already made in 
those more exact branches of natural science included in 
the terms physics and chemistry, on which physiology is 
based, and of the application of their methods to the 
investigation of the phenomena of living beings. I will 
give you three instances of this : the application of the 
microscope to the investigation of the structure of plants 
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and animals ; the application of instruments of measure- 
ment to the investigation of the electrical and other 
changes which present themselves among the physiological 
effects of excitation of nerves and muscles j and, finally^ the 
application of recording instruments to the investigation of the 
movements of living beings. Each of these applications has 
great names associated with it — the names of the men, all 
of them now living, who, some thirty years ago, began the 
great work of building up physiology on an entirely new 
foundation. Among the microscopists may be named 
Henle, Kolliker, Bowman j of vital physicists, Helmholtz, 
Bonders, Briicke, Bu Bois !Re 3 nQaond, and lasi^ but not least, 
Ludwig. 

It was by Ludwig that the method of investigation, of 
which I have to give you some illustrations to-day, was 
introduced. He invented and constructed the first registra- 
tion apparatus somewhere about 1846. Before I describe it 
to you, I must explain the meaning of the term. 

Let me then fost state that registration, in physiology, 
means the obtaining of a written line or tracing which 
shall exhibit the position of a moving body at every 
moment of time during the period of observation. The 
method by which this is effected is called the graphic 
method. 

It follows from this definition that the motion to be 
recorded must be a linear motion, t.c., a motion along a 
given line. I can best explain this by proceeding at once 
to examples. 

Suppose that I wish to inscribe graphically on this sheet 
of paper the motion of a train travelling between South 
Xensington and Queen’s B-oad,^ how would I attempt to do 
it 1 I make my sheet of paper rectangular, for I have two 
processes to record simultaneously, which, for the moment, 
I conceive of as going on in directions at right angles to 
each other, one of which, viz., time, is uniform, the other, 
viz., the motion of the train, is variable. My purpose is 
to compare the variable with the uniform, i,e.^ to record 
motion in relation to time. 

I begin by marking off against the side of my paper the 
whole distance in miles from one end of the line to the 

Barnes of stations on the Metropolitan Eailway. 
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other — say two miles ; then I divide that distance into 
quarters. Then, knowing that the train requires twenty 



T<'ig. 1. — Diagram showing conrses of trams from South Kensington Station to 
Qiieen^s Boad and vice versd The dotted line exhibits the progress of a train 
running towards Queen’s Boad and stopping at each station ; the broken line 
shows the progress of a similar tram in the opposite direction ; the continuous 
line that of a train running the whole distance without stopping. 

minutes to accomplisli this distance, I measure off along the 
horizontal edges twenty divisions. I divide it first into 
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four equal parts, and then each of these into five, corre- 
sponding to minutes. I then connect the corresponding 
points at the opposite edges, and so divide my field into 
rectangular spaces. 

Now on the space so divided it is obvious that the position 
of any body (say a train) travelling along a definite course 
from South Kensington to Bayswater in twenty minutes or 
less can he readily shown. To do this I have to set off on 
the vertical or ordinate corresponding to each minute the 
actual position of the train at the end of such minute, 
according to the distance it has travelled from its starting- 
point. Thus, the train has arrived at Gloucester Boad in 
four minutes ; I therefore indicate its position at the end of 
four minutes by measuring off three-quarters of a mile, 
viz., the actual distance between South Kensington and 
Gloucester Boad, along the fourth ordinate. This done, I 
connect the point so found with the starting-point. If the 
train has in its journey from South Kensington moved at a 
uniform rate, then the line is a straight one. If, as would 
certainly be the case, it started slowly and slowly stopped, 
that would be marked thus : — (See Pig. 1.) 

It is obvious that on the same plan the motions of any 
number of trains, whether going in the same or in opposite 
directions, could be represented. In fact I have been told 
that a graphic method such as I have been describing has 
been employed in the construction of the time-tables of 
some of the French railways, 

Let^ me pass from this example to one in which the 
graphic method is used to register a fundamental physical 
fact or law, the law of falling bodies — an example 
which I choose because it was the first motion to which the 
graphic method was applied in physics » You have before 
you a cylinder (Pig. 2) which revolves on a vertical axis at a 
uniform rate, viz , forty times in a minute. Here is the fall- 
ing body, which, in order to accomplish the result we want, 
we have suspended by a thread in such a position that when 
it falls its motion is recorded on the blackened surface of the 
cylinder. The clockwork having been set in motion, I will 
now apply a lighted match to the thread. At the moment 
that it is burnt through, the weight will fall, and its motion 
will he recorded on the surface of the blackened cylinder. 
It will describe on that surface a line which will resemble 
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tliat I have drawn on the blackboard — a line which I doubt 
not is perfectly familiar to you. That line expresses with 
very great accuracy the law of falling bodies ; for its curva- 
ture is such that it could only have been produced by a 
body moving with ever-increasing velocity. 



Fig, 2 —Extemporised apparatus for mvestigating the course of a falling "body in 
its descent, a a in each figure are two corks held by clamps, by which a glass 
rod, g, IS supported vertically at a short distance from the surface of the revolv- 
ing cylinder c. The falling body & (a block of brass pierced by a tube of the same 
metal) slides freely on the rod. At its upper end a thread is attached by which it 
is prevented from falling until the proper moment. The cylinder having been 
put in. rapid rotation, a match is applied to the thread, b falls and writes by the 
style, Wf the line shown in the right-hand figure. 

I will give no further illustration derived from physics, 
for my purpose is to show you the application of the 
method to vital motion. The characteristic phenomena 
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wliicli are displayed by a living* animal as such. — ^its func- 
tions as tbey are called — ^may be divided like those of the 
inorganic world, into chemical and mechanical. 

As instances of mechanical functions I may mention 
locomotion, respiration, circulation. All of these consist 
in the performance of motions which can be registered by 
methods similar to those we have used for registering the 
movement of a falling body. Ail of them are performed 
by the combined action of various forms of muscular 
apparatus. 

The vital motions first registered were those of the cir- 
culation. The first graphic apparatus ever used in phy- 
siology was, as I have already mentioned, Ludwig^s, and 
the purpose for which he devised it was the measuring and 
recording the variations of hydrostatic pressure in the 
arterial system. To enable us to understand this, I must 
place before you one or two physiological facts. 

I will assume that you are acquainted with the general 
arrangement of the circulatory system, i.e., that it consists^ 
of the heart — a pump, and various tubes for the convey- 
ance of blood, namely, arteries, capillaries, and veins. You 
probably also know that the arteries act as a distended 
reservoir, out of which in the forwards direction blood is 
constantly flowing, into which from behind blood is being 
pumped at intervals by the heart. Now for all the practical 
purposes of life what is essential is that blood should flow 
through the capillaries of every part of our body in a 
constant stream. What is the cause of this motion ? 
The obvious answer is, Because the heart pumps the blood 
on. This is a true but a very imperfect answer. Its incom- 
pleteness consists in this — that instead of giving the imme- 
diate cause of the phenomenon, you give the more remote 
one. The immediate cause of the circulation of blood 
through the capillaries of my finger is not the pumping 
action of the heart — obviously not ; for if I could put the 
capillaries of my finger under the microscope as I can the 
web of the frog's foot, I should see that the stream does 
not keep time with the stroke of the pump, but goes on in 
a continuous and equable flow. 

In the transparent web of the foot of the frog I can 
actually see that this is so, for if while I am watching the 
flow of blood through the capillaries of the web, I suddenly 
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arrest the action of the heart, I find that the capillary 
blood-stream continues for several seconds, notwithstanding 
that no more blood is pumped along the arteries, and thereby 
learn that the circulation through the living tissues is only 
mediately dependent on the action of the heart. 

What then is the immediate cause of the motion of 
blood in the capillaries'^ The cause is simply the differ- 
ence of internal pressure between the arteries and veins. 
By this, I mean that if it were possible to connect with 
one of my arteries (say the radial) a pressure gauge by 
which I could determine the difference between the pressure 
exerted by the liquid on its internal surface and that of 
the atmosphere, and to connect a similar gauge with one of 
the veins by which blood is brought back again from my 
hand, I should find that there was a difference between the 
two gauges of about four inches of mercury — in other 
words, that in the arteries the pressure would exceed that 
in the veins by something like two pounds on the square inch. 
That is the simple reason why the blood flows out of the 
radial artery into the veins which come back from my hand. 

The first person to demonstrate this fundamental 
fact in physiology was a beneficent clergyman of the last 
century, Dr. Hales, who made experiments, in which, 
having inserted a long vertical tube into an artery of a 
living animal, the other end of which was open, he found 
that the tube filled to a height of several feet, the column 
of i blood dancing up and down at each stroke of the 
heart pump, whereas, when he inserted a similar tube into 
a vein, the blood either did not rise at all, or rose only a 
few inches. 

For a long time physiologists were content to leave these 
facts just as Dr. Hales first discovered them. It was not 
until late in the present century that Poiseuille gave them 
precision by substituting for Dr. Hales’ tubes the mercurial 
manometer, i.e.^ a glass tube bent into the form of a U? 
supported vertically on a suitable stand, and half filled 
with mercury. If one limb of such a tube is in commu- 
nication with an artery, in such a way that the same 
pressure is exercised on the surface of the mercury con- 
tained in it as on the internal surface of the artery, while 
the sxirface of the column of mercury in the other limb 
remains open, the difference between the pressure in the 
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artery and that of the atmosphere may of course be judged 
of by the difference between the heights of the two 
columns. The instrument Poiseuille used was called a 
Hsemadynamometerj because it was supposed to measure 
the force of the circulation. By means of it he discovered 
that the arterial pressure varied in different creatures, 
partly according to the size, but that it was tolerably 
constant in the same animal when in health ; and he 
inferred, from measurements made on the higher animals, 
that in man it amounts to about eight inches of mercury. 

This discovery was one of practical as well as theoretical 
value, for the maintenance of good pressure in the arteries 
is as essential to healthy life as the maintenance of a 
proper temperature. There is no acute disease in which 
our arterial pressure is not disturbed, scarcely a remedy 
or poison of which the action does not more or less depend 
on the effect which it exercises on the state of distension 
of the blood vessels. 

It was for the investigation of the variations of arterial 
pressure that the graphic method was first applied by 
Ludwig. The instrument first used by him for the purpose 
differs from that of Poiseuille, only in this respect — that a 
contrivance is added to it by which it is converted into a 
graphical instrument. On the surface of the mercury 
column in the open limb of the (J tube a light float, made 
of black caoutchouc, rests. To this float is connected a 
stem of the same mateidal which near its upper end is 
crossed by a horizontal pencil (Pig. 3). I will now com- 
mrmicate an oscillatory movement to the mercury column 
on which the float rests, by working a syringe, of which the 
interior is in communication with the other limb of the U 
tube. You will see that every motion of the mercury 
column will be followed by the float, and accurately re- 
corded on the cylinder by the pencil. 

Here is another manometer constructed on the same 
principle, which I have put on the table simply for the 
reason that it was the first ever made in this country. The 
stem of the float, instead of having a pencil attached to it 
directly, supports a long, carefully-counterpoised lever, by 
which, in a manner that I shall explain more fully after- 
wards, its motions are amplified. I exhibit to you tracings of 
the variations of arterial pressure made with this machine. 
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Fig. S — Recording manometer. The shorter limb of the hent glass tube c commu- 
nicates at <xwith the cavity in which the variations of pressure are to he recorded 
by a flexible but inelastic tube The tube h is for filling the instrument ; it is 
closed by a screw clamp The mercurial column in the open limb is represented 
as 13 centims. higher than in the other. On the surface of the higher column 
rests the float /, from which the rod e, with its writer w, rises ; the rod moves 
easily in the support d. 

The word kymograph,^ which is applied to this and all 

^ The word is incorrectly constructed, hut has been so long in use 
that it would he difficult to replace it by a better. 
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otlier instruments o£ the same kind, is derived from the 
Greek word Kvjjia, which signifies a wave. It is so called 
because it is used to record the wave-like variations of 
arterial pressure, just as other instruments, of which there 
are beautiful examples in this collection, are used hy the 
physicist to record the variations of the surface of the 
ocean. Just as in the ocean two principal orders of varia- 
tion have to be recorded, viz., tides, and waves in the 
ordinary sense, so here there are slow variations of con- 
siderable duration which recur at relatively long intervals, 
and others which are by comparison momentary, but of 
great frequency. Of the former, the mercurial column 
gives a direct translation, so that the record of its ascents 
and descents is equivalent to a direct record of the expan- 
sions and contractions of the artery itself. But as regards 
the more frequent ones it is not so, for this reason, that any 
sudden impulse imparted to the column of mercury in a 
manometer gives rise to a series of consecutive oscillations, 
of which the duration and character have nothing to do 
with that of the motion originally imparted, but depend 
on the form of the instrument. They are therefore called 
instrumental . 

This being the case, the mercurial kymograph has only 
a limited application, as an instrument for recording the 
actual movements of an artei^y. It is perfectly adapted 
for the purpose of measuring and recording the mean 
arterial pressure, and such variations as are of relatively 
slow progress, but it is incapable of translating to us those 
rapid changes which occur in the arterial pressure between 
one stroke of the heart and another — changes of which we 
estimate the duration not in minutes, but in fractions of 
seconds. 

That this defect is an important one is patent from the 
following consideration : — Every one is aware that the 
quality of the pulse is matter of great practical interest. 
STow, just as the physicist knows precisely how to account 
for the difference of quality of different musical sounds, 
by their physical characters, and is able to show that each 
timbre may be represented graphically by a curve of which 
the characters can be determined beforehand with mathe- 
matical accuracy, so that, by the use of methods of 
measurement, he acquires a ^ power of disciuminating 
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which rivals that of the accomplished musician, so the 
physiologist is able to assign to each of the fine varieties 
of the human pulse, which are appreciable to the accom- 
plished touch of the physician, a curve of definite form — 
a curve expressive of that rapid succession of movements 
to which the pulse owes its quality. 

The quality of the pulse has been long appreciated in medi- 
cine, and the tactus eruditus has been long spoken of as the 
faculty of the accomplished physician, who by feeling the 
pulse with his finger can not only count its rate, but also 
judge of its quality, for describing which he employs certain 
more or less conventional terms, such as hardness, fulness, 
sharpness, and others, all of which are of practical signi- 
ficance. There is therefore a practical reason why it is 
necessary not merely to study those slower variations of 
arterial pressure which I have compared to tides, but also 
those finer and more rapidly recurring changes on which 
the peculiarities of the human pulse depend. How in 
order to illustrate this, I desire to make some experiments ; 
and as we cannot make them on a living artery, we shall 
use what is called in physiology a schema, a mechanical 
apparatus so constructed as to imitate the living organ in 
respect of some of its properties. 

Our schema consists of an elastic tube resembling, as 
regards the thickness and elasticity of its walls, an 
artery. At one end it is in communication with a pump, 
at the other with a tube of outflow, of which the diameter 
can be regulated by a screw. Such a tube represents an 
artery in respect of several of its properties. 

One of the most important is that it converts the 
intermittent motion with which water is injected into the 
tube at the end next the pump into an equable or constant 
progressive motion at the other. You see that the rate of 
outflow is nearly constant, but not quite so, for if I allow 
the water to flow out horizontally, the curve it describes 
in falling is one of varying declivity. At each stroke of 
the heart-pump it is thrown a little further out. 

To understand this equalization all we have to do is to 
consider what happens to the motion communicated to the 
liquid at each stroke. At the moment that the impulse 
is given, liquid enters the tube at a rate which exceeds 
that of the efflux. Motion consequently has disappeared. 
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What has become o£ it ? It has been lost in distending 
the elastic wall of the tube. Let us next consider what is 
the state of things immediately after the impulse, i,e, 
between one stroke of the heart-pump and the next. At 
that moment the rate of efflux exceeds that of inhux. Hence 
motion has reappeared. Where has it come from*? It 
has come from the distended elastic wall of the tube, which 
is now repaying to its contents that which immediately 
before it borrowed. So long as the pump continues to 
work, this process, by which during the stroke motion is 
lent by the contents to the wall, and repaid by the wall to 
the contents during the interval, goes on. 
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j'lQ, 4 — Instrument for recordiug the progress of a wave of distension along an 
elastic tube containing liquid. A may be described as a box two inches long 
and one inch high, without sides , it contains the receiving tympanum. B is the 
recording tympanum and its writing lever The tympanum t is a metal box 
without a top, of such a size and shape as to contain a florin piece. Over this 
box a sheet of indiarubber is extended and fixed air-tight To this membrane 
a thin metal plate adheres, which is connected by a ]ointed vertical rod with 
the long lever. The joint is very near the axis on which the lever moves. The 
horizontal rod by which the tympanum is supported is tubular and communi- 
cates with the cavity of the tympanum. To its end is adapted a flexible tube 
d, by which the two tympana communicate, and which may be several feet in 
len^h. The receiving tympanum is of the same form and construction as the 
other, but is upside dowu, its bottom being screwed to the under surface of the 
top of the box. If an elastic tube, along which liquid is being driven in an in- 
termittent stream by a pump, is placed between the two brass pieces p p' shown 
in the figure, the increase of diameter of the tube which occurs at each pulse 
produces a vertical motion upwards of the membrane of the receiving tympanum, 
and a corresponding movement in the same direction of the other This last 
motion is written on the blackened cylinder by the style at the end of the lever. 
Bor investigating the course of a distension wave along a tube at least three 
pairs of tympana are required. In using them the recording tympana must bo 
placed on the same vertical rod, one above another. 


This process of alternate distension and relaxation is 
betrayed to us by visible motions, and my next object will 
be to sbow you how we may obtain a graphical record of 
these motions, and to explain to you their characters. 
Let us first fix our attention on the instantaneous dis- 
tension which is produced at the near end of the tube, i,e, 
at the end next the pump, at each stroke, in consequence of 
the injection of a certain quantity of liquid. If we arrange 
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our apparatus (Fig. 4) in such, a way that w© can obtain a 
continuous record o£ the changes of diameter of the tub© 
which are taking place simultaneously at both ends and 
in the middle, and compare the course of events at the near 
end with what is happening during the same period at the 
far end, we shall be able to see that the distension effect 
gradually progresses from the former towards the latter. 
For this purpose two little instruments, called tympana, 
have been connected — the one with the proximal end of 
the supposed artery, the other with the distal end. Half 
way between the two there is a third tympanum. Each 
of these is connected in a manner which I shall explain 
presently, with a second writing tympanum, by which its 
motion is registered. We thus get a triple tracing ; 
one relating to the initial pai't of the artery, one to the 
middle, and the other to the end part of it. [Here the 
experiment was made.] It is not possible for you to see 
the record which the three levers are tracing on the cylinder 
while Mr. Page works the pump. I have therefore repre- 
sented their characters in this diagram (Fig. 5). These black 
lines on the diagram represent the three simultaneous tra- 
cings made with the apparatus at different distances from the 
initial point. The lower one is the graphic representation 
of the distension wave, or rather waves, produced by a single 
injection of liquid close to the pump- the second is the 
tracing obtained when the tympanum is applied to the tube 
about half-way between the starting-point and the end ; 
the top line relates to the part of the tube close to its 
extremity, where the water is continuously discharged by 
an orifice considerably narrower than the tub© itself. Let 
me now draw your attention to the correlation of the 
three tracings. In the lowest line you have the record of 
a first distension, which is followed after a short interval 
of time by another. In the second line the same thing, 
with this difference — that the interval between the primary 
wav© and its repetition is only half as long. The third line 
exhibits the fact that at the end of the tube the wave is 
not double but single. The meaning of these differences' 
is easy to understand. Just as when you make a series of 
waves by throwing a stone into the centre of a pond, the 
wave gradually progresses towards the side, and then 
returns upon itself towards the centre j so here in the case. 



240 


LBCTUEES TO BGIENCE TEACIIEE8. 


of the elastic tube, the distension progresses from its start- 
ing point until it gets to the further end, and from thence 
it returns again. In the one case as in the other, the 
difference of time between the first wave and its repetition 
depends, as you will readily understand, on the distance 
from the terminal point of the system to the point at 
which the observation is made.^ 

Having got thus far — having before us an actual case, 
a motion of the Tcind which presents itself in the living 
organism, an apparatus by which I have translated that 
motion to paper — I will proceed by explaining to you the 
principles of its construction, and how they may be applied to 
the investigation of other vital movements. The apparatus 
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Fig. 5 — Grapliical representation of tlie characters of a distension wave in its pro- 
pagation from the near to the far end of a closed elastic tube and back again 
a, near commencement of tube ; o, near the middle ; c, near the end 


illustrates (1) the mode of immediate transmission commonly 
used, and (2) one of the most important modes of indirect 
or mediate transmission. In the apparatus you have had 
before you, the motion of the tube which represents the 
artery is communicated first to an indiaruhher membrane. 
(See Mg. 4.) Then the motions of that membrane are 
written on the paper. Let me first explain how this more 
simple result is attained. The simplest of all arrangements 
to magnify and inscribe a linear motion of small extent 
consists of a lever of the second order, of which one end 
is pierced by a fixed axis, on which it can rotate freely, 

^ h is proper to note that in the schema described, the motions of 
the arterial wall are only partly represented. In the arterial system 
there is no terminal point or obstacle by which the wave is reflected. 
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while at some other pai-t of its length it is supported 
horizontally by the moving body. 

This principle is applied in a great many instruments, of 
which the best known is Marey's sphygmograph for obtain- 
ing records of the human pulse. In order that we may 
see the thing in its simplicity, Mr. Page will make an 
experiment on his own pulse. Having placed a stiE band 
of pasteboard across the right wrist, and secured it in its 
position by a sti'ong indiarubber band, he takes a long light 
lath in the other hand, and insinuates one end of it, which 
is shaped to a chisel edge for the purpose, under the lower 
edge of the slip of pasteboard, the opposite end of the 
lath being extended in the direction of the arm, over, the 
palm of the hand. This done, the cardboard serves as a 



Fig. 6. — Snnple mode of o’btaining a graphic record of the radial pulse. 


fixed axis on which the lath can rotate, and if it is so placed 
that it rests on the pulsating artery at a very short distance 
from the card, the extremely inconsiderable movement, 
which is actually communicated to it by the expanding 
artery, shows itself at the opposite end of the lath as an 
oscillation of sufficient amplitude to be seen at any dis- 
tance. In this way, and by means of this very simple 
apparatus, we may obtain a tracing which exactly corre- 
sponds to the tracing which you will see immediately 
obtained with the sphygmograph. Tet us look first at the 
sphygmograph itself, of which, however, I can only give 
you a very short description. It consists of a framework 
of brass, which is capable of being fixed to the arm in such 
a way that it is, so to speak, in one piece with the bones of 

VOL. II. B 
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the wrist and forearm. Attached to the frame is a spring, 
which rests on and presses the artery. This being the case, 
the spring follows exactly the movements of the artery. 
The rest of the instrument consists essentially of a long 
lever by which the motion of the spring — i.e. of the artery 
— ^is written on a plate which is made to travel at a uniform 
rate by watch- work. 

This is one application of the direct method. There are 
several other examples which might be taken, but I must 
hasten on to describe to you the method of mediate trans- 
mission. 

Here is an apparatus of M. Marey’s which is intended 
to illustrate this. It consists of two tympana, constructed 
as I have been describing to you, and in communication 
with each other by a flexible tube of several yards in 
length j notwithstanding this, any motion which I com- 
municate to the near, or, as we may call it, the receiving 
tympanum, is as perfectly transmitted to the distant or 
recording tympanum as if the two membranes were 
stretched over the end of one cylinder. 

It is obvious to you that the value of this contrivance, 
as a means of investigating physiological motions, depends 
entirely on its accuracy. It is therefore of fundamental 
importance to be certain that the motions communicated 
are faithfully imitated. 

In the beautiful collection of instimments exhibited by 
Prof. Ponders there is one (Ho. 3,955) which is specially 
designed for this purpose. It was designated in the first 
edition of the Catalogue by the rather quaint name of 
“ Controller of the Air Conveyance. It consists of three 
essential parts, namely — ^flrst, a cam,^ by the rotation of 
which a very complicated series of up-and-down motions 
are communicated to any body capable of such motions, 
which reposes on its upper edge; secondly, a lever for 
direct transmission of these motions to a recording surface, 
of the same kind as those already described to you ; and 
thirdly, a couple of tympana of which the cavities are in 

^ The cam used in this experiment was of such foi’m that the suc- 
cessive variations of radius in each revolution corresponded very closely 
to those of the transverse diameter of the heart of an animal ; so that 
the curves or tracings recorded closely resembled those which are ob- 
tained when the motions of that organ are recorded by the cardiograph. 
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communication by a long flexible tube. You observe that 
the lever of the recording tympanum and the lever on 
which the cam acts directly, are so arranged that they 
move in the same vertical plane, that their writing points 
are directly one above the other, and that both points are 
in contact with the surface of a blackened sheet of paper 
with which this cylinder is covered. By this arrangement 
two records are obtained simultaneously of the same motion 
— one by immediate transmission by the lower lever, the 
other mediately by the two tympana. If you compare 
them you will be unable to detect any difference between 
them. In fact, for practical purposes they are identical : 
there are, however, certain slight differences which have 
been investigated by Prof. Bonders. 

I will now proceed to describe to you various applications 
of this method to the investigation of physiological motions, 
and will first refer to the remarkable researches of M. 
Marey on locomotion. The principal purpose of these re- 
searches was to determine with much greater precision than 
was before possible the time relations between the various 
motions which are executed by the body and limbs in 
different kinds of locomotion, as, for example, in walking, 
running, or flying. I can best illustrate this by asking you 
to look at this large diagram, in which a man is represented 
running and carrying with him a recording apparatus, con- 
sisting of clockwork and tympana, by which his motions 
are faithfully transmitted to paper. You -will observe that 
there are three pairs of tympana, viz., three recording ones 
which inscribe their records one above the other on the 
small revolving cylinder which he carries in his hand, and 
three contrivances which correspond in function to receiving 
tympana. Of these two are for recording the time during 
which, and the degree in which, the ground is pressed upon 
by each foot in the act of running. You will readily under- 
stand this if I show you one of the shoes which the runner 
wears. In the sole, which is made of vulcanised indiaruhber, 
there is a flattened cavity, which communicates with that of 
the recording tympanum. You will readily understand that 
the air it contains is compressed by the foot, just so long as 
the weight of the body rests on it. The third receiving 
apparatus rests on the top of the head and commtinicates 
to the tympanum, with which it is connected, the up and 
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down motions of tlie body. All three recording levers 
work in the same plane. Their points are directly one 
above another, and they write on the same cylinder : here 
is the record obtained. W^e can see at a glance that in 
running, the body is entirely unsupported during a short 
interval between each step and its successor, and we can, 
if we like, measure the duration of that interval. W^e can 
also determine at what moment during the period that the 
foot rests on the ground the pressure is greatest, and what 
is the effect of that pressure in raising the body. I regret 
that there is not time to go further in describing M. 
Marey's beautiful contrivances for carrying out his other 
researches in the same field; particularly those most in- 
teresting ones which relate to the mechanism of the flight 
of birds. I must content myself with stating that by 
braining pigeons to carry suitably contrived recording ap- 
paratus he has obtained graphic records of their motions 
of flight, which are quite as perfect as those of which I 
have given you examples. 

I will now show you one or two contrivances for record- 
ing the motions of the chest in breathing. Here is a very 
simple one of M. Marey, It is an inelastic cincture, the 
length of which can be varied so as to adapt it to the girth 
of the chest. Each end of the band is connected with a 
receiving tympanum, which is expanded when the chest 
enlarges, and vice versa. In this way the variations of giith 
of the chest can be recorded, with a certain degree of 
accuracy. 

The other instrament (Eig. 7) is perhaps not quite so easily 
applied, but gives results of much more value. Its purpose 
is to measure not the variations of girth but those of dia- 
meter of the chest ; and it affords a good illusti’ation of the 
possibility of obtaining results of great accuracy by this 
method. In ordinary breathing the variations of the trans- 
verse diameters of the chest, whether measured from side 
to side, or from before backwards, are very inconsiderable, 
that is to say, the increase of diameter which takes place in 
inhaling air is very small indeed, as compared with the 
total diameter of the expanding chest. Thus in tranquil 
breathing, the chest of a full-grown man becomes wider 
only by a line, whereas its total width may be from ten 
inches to a foot. The measurement of so small an increment 
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is a matter of some nicety, but of much practical impor- 
tance, for by measuring in succession different diameters, 
we can determine tbe enlargement of volume, with much 
more accuracy than by any other method that is applicable 
to the human body. The apparatus consists of a frame, of 
which the shape resembles that of the Greek letter 11. One 



Fig. 7. — A, tympamim ; B, ivory Imob ; B', rod which, carries the Imoli opposed to 
B ; C, T tube by which A communicates on the one hand with the recording 
tympanum, on the other with an elastic bag B. The purpose of the bag is to 
t enable the observer to vary the quantity of air in the cavity of the tympana at 
will ; the tube leading to it is closed by a chp when the instrument is in use. 


end of the TI rests, in case it is the antero-posterior diameter 
that is to he measured, by an ivory knob against a dorsal 
spine, while between the other and the anterior surface of 
the chest a receiving tympanum is interposed, by which the 
motions of the sternum are transmitted to the recording 
tympanum. A tracing is obtained in which the original 
motion is represented, amplified about twenty times. 
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Here is anotlaer instrument, constructed on tlie same 
principle as the others, the cardiograph — its purpose being 
to record those motions of the wall of the chest, which are 
occasioned by what is called the impulse of the heart. Each 
time that the heart contracts, it alters its shape, becoming 
globular and much harder than it was immediately before. 
The consequence of these facts is, that the moment of con- 
traction is marked by an expansion of that part of the 
wall of the chest nearest the heart — an expansion which we 



Fig. 8 . — The Cardiograph. The tympanum rests on three legs, of which the lengths 
may he varied. The ivory hutton is supported hy a steel spring, so that the 
movements imparted to it hy the wall of the chest are communicated to the 
membrane of the tympanum, the surface of which faces downwards. The 
cavity of the tympanum communicates with a second (recording) tympanum, by 
a flexible tube, not shown m the drawing. The instrument is secured in its 
position by a strap, which is buckled round the chest. 


can all readily feel wben we place the hand on the left side 
immediately below the nipple. This motion is different 
in different persons, and under different conditions of 
health. An importance therefore attaches to it which is 
similar to that of the better known phenomenon which we 
have already studied, — ^the pulse. I show you the tracings 
obtained by it, but I will not dwell on their characters, for 
their significance can hardly he appreciated by any one who 
is not already familiar with the structure and mode of 
action of the heart. It will be sufSicient to say that by the 
cardiograph we can measure not merely the rate, i,e,, the 
frequency of the contractions, and appreciate their vigour, 
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but can determine tbe intervals of time wMcb. elapse 
between tbe opening and closing of tbe two sets of valves, 
on tbe due working of wbicb, tbe efficiency of tbe organ as 
a pumping mecbanism very principally depends. 

I now come to my last illustration, and I have put it last, 
because I attach more importance to it, tban to tbe others ; 
for it involves a physiological experiment of fundamental 
importance. I have prepared a muscle, tbe calf-muscle of a 
frog, which was killed immediately before tbe lecture. The 
muscle, although tbe frog of which a while ago it formed 
part is dead, is itself living, Le,y it still enjoys the same 
power of contracting, though in diminished completeness, 
that it possessed when still part of a living organism. 
Attached to the muscle is its motor nerve, which has also 
been carefully prepared. Probably most of those present 
are aware that when the motor nerve leading to a muscle 
is interfered with so as to become excited or irritated, 
the muscle contracts. If the excitation is of an instan- 
taneous nature, such as is produced in this instance by 
the passage of a single induction shock from this induction 
machine, a single and apparently instantaneous shortening 
of the muscle takes place, which if the tendon of the 
muscle were still attached to the foot, would suddenly 
extend it. As you will be able to see after the lecture 
more distinctly, the end of the muscle nearest the knee 
joint is immovably fixed to a block of cork ; the tendon 
the Tendo Achilles) is attached by a silk cord to 
a lever so arranged, that when it is acted upon by the con- 
tracting muscle, the receiving tympanum o, is pressed upon. 
By the mechanism with which you are now familiar, the 
motion thus communicated is transmitted to the recording 
tympanum cZ, and written by it on the blackened surface of 
the revolving cylinder. 

The cylinder revolves forty times in a minute. Its cir- 
cumference is twenty inches, consequently the rate of hori- 
zontal motion of the surface of the paper is 800 inches per 
minute or 13 ’3 inches per second. In connection with the 
cylinder there is an arrangement, by which, each time that 
a certain point in its circumference touches a trigger, the 
primary circuit of the induction apparatus is closed, so that 
a so-called closing ” shock is sent through the nerve, by 
means of a pair of platinum electrodes which are in contact 
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with, it.^ Let me point ont to yon fnrtlier tliat tlie recording 
tympanum is supported by a vertical rod wMch. is of one piece 
with the clock-work and cylinder, so that its distance from 
the axis of the cylinder is invariable — and that on this rod 
there is a rack and pinion, by which the recording tympanum 
can be fixed at any desired height. 

I will now perform a series of experiments before you, 
each of which will consist in allowing a single induction 
shock to pass through the nerve, and recording the resulting 
muscular motion on the cylinder. And in order that the 
result of each experiment may be distinguishable from that 
of its predecessor, and at the same time readily comparable 
with it, Mr. Page will by means of the pinion I have men- 
tioned, so adjust the recording tympanum that each tracing 
shall be a twenty-fifth of an inch below the one last made. 

We have now made ten records. I will next bring the 
catch h on the cylinder into contact with the trigger, which 
closes the primary circuit of the induction apparatus, so 
that the cylinder shall remain for a few moments in the 
exact position, which when revolving, it attains at the 
moment that the induction shock passes through the nerve. 
The muscle contracts and compresses the receiving tym- 
panum. The consequent expansion of the recording 
tympanum elevates the lever attached to it, and thereby 
makes a vertical mark on the recording surface. From 
this vertical mark I draw with the aid of the rack and 
pinion a vertical line^ which of course cuts all the ten tracings 
at right angles. My object in doing so, is that the inter- 
section may mark in each tracing, that point in it which 
corresponds to the instant at which the nerve is excited. 

Let us now study the results. On the left side of the 
vertical line, the record consists of ten horizontal lines, 
one below the other at a distance of one millimetre each 
from each. Peyond, ^.e., to the right of the vertical, they 
go on in the same direction at first, but at a distance of 
about an eighth of an inch, each line curves upwards in a 
sweep of which you will see that the form agrees precisely 
in all the ten tracings. Having culminated, it descends to 
its previous height with a more gradual curve than that by 
which it ascended. 

^ lu this experiment the opening shock is cut off by a mechanism 
not here described. 
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circuit along wMcb the instantaxLeons induction current, hy ■which the sciatic 
nerve is stimulated, passes each time that the primary cut rent is closed. Upon 
the cylinder are inscribed the records of ten experiments The first five were 
■written by the muscle in its normal state. In the last five it was becoming 
gradually cooled by placing^near it a small block of ice. The last ooniraotiou 
has just been completed. The vertical lines by which the tracings are crossed 
were drawn before the experiments were made, by first bringing the cyhnder 
into thejexact position at which the arm h comes into contact with the trigger, 
and then working the rack and pinion. It indicates the pomt in each tracing 
which corresponds to the moment of excitation. 

I need scarcely tell yon that the curve is produced by 
the contraction o£ the muscle. It reveals to us that the 
apparently instantaneous effect which is produced, when a 
nerve is instantaneously excited, is in reality a process of 
three stages, each of which has a definite duration, viz. a 
period of latency which intervenes between the moment of 
stimulation and the commencement of change in the 
muscle, and corresponds to so much of the tracing to the 
right of the vertical, as is horizontal, and therefore to a 
period of about one hundredth of a second or thereabouts 
Secondly, a period about three times as long, during which 
the muscle is contracting, and lastly a stiU longer period, 
during which it is returning to its previous condition. 

As I before hinted, the knowledge of tbe mechanism 
and condition of muscular action is of fimdamental im- 
portance in physiology. It is so because it is by muscular 
action that the most essential functions of our bodies 
are discharged, by it our circulation and respiration 
are maintained, and by it we maintain our relation with 
other persons and with the world around us. Muscle 
constitutes fully two -fifths of the weight of the body. 
By muscle, in a certain very true sense, we live and move 
and have our being ; by muscle every action is per- 
formed, every thought expressed. It is therefore of great 
moment to the physiologist to be able to apply to the 
phenomena of muscular contraction more exact methods 
of research than to those of any other function ; and this 
is so, not merely as regards the mechanism by which a 
muscle, when stimulated, shortens itself and thereby per- 
forms mechanical work, but quite as much as regards the 
molecular changes which in the living substance of muscle 
are associated with the change of form. Of all this the 
experiment I have shown you is a mere sample. It may 
enable you to xmderstand something of the nature of the 
work in which physiologists are now engaged. Many vital 
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processes (among wMcli may be mentioned specially those 
of the nervous system), are at pr-esent out of the reach of 
investigation. All that we can do is to stand on one side 
in the attitude of attentive observers. Investigation is 
impossible because we cannot do that which constitutes an 
experiment, we cannot modify at will the conditions under 
which the phenomena occur. As regards other processes 
our position as investigators is more favourable, and no 
better example can be given than that of muscular action. 
We can determine beforehand the conditions of an experi- 
ment, with as much exactitude as the physicist can in his 
investigations of the processes of the non-living world. I 
will illustrate this by a jBLnal example. We have here 
some ice, of which I will put a fragment near the muscle, 
of which we have already investigated the mode of con- 
traction, and again record on the cylinder a series of 
contractions. The result is well worthy of your attention. 
Under the influence of cold, you will see that the process 
is completely modified. The curve of contraction, before 
so uniform, assumes, as the living substance of the muscle 
is gradually cooled, an entirely different character. Its 
function, however, though modified is not impaired. The 
proof of this lies in the fact that if the bit of ice is now 
removed, and the observation continued, it will gradually 
return to its former condition, i.e. the curve of its contract 
tion will again present its normal contour. 



APPARATUS FOR PHYSIOLOGICAL CHEMISTRY- 

BY BR. LAUBER BRUNTOIT, F.R.S. 

Gentlemen, you learnt from Dr. Burdon Sanderson yester- 
day tlie various modes of recording the movements of 
the body and its parts. To-day we have to consider how 
those motions are kept up. The old illustration that the 
steam-engine resembles the human body has become so 
hackneyed simply because it is so true, and because it 
affords us the best means of illustrating the manner in 
which the movements of the human body, or of any animal 
organism, are kept up. In both the animal organism and 
the steam-engine motion is kept up by the conversion of 
chemical into mechanical energy in the process of combus- 
tion. ISTow the products which are given off from the lungs 
are the same as those given off from the funnel of a steam- 
engine, viz., carbonic acid and water. You know that one 
of the most ordinary methods of ascertaining whether a man 
is dead or alive is to put a looking-glass before his mouth, 
and notice whether it is dimmed or not. This simply means 
that if the person is alive water is given off from the lungs, 
and water being one of the products of combustion, its 
condensation on the mirror affords a ready means of ascer- 
taining that combustion is still going on in the body. 
But, although the movements of the whole animal are kept 
up by means of oxidation going on in the system, as you 
see from the products of combustion being given off by the 
lungs, yet Dr. Sanderson showed you yesterday that the 
muscle of a frog would continue to contract after it had 
been excised from the body. This proved to yori that the 
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muscle was not dependent upon the lungs, the blood, or 
anything contained in the rest o£ the body for its power 
to contract, but contained in itself all that was necessary 
to convert chemical into mechanical energy. If you had 
put that very muscle into a test tube, placed it over 
mercury, and analysed the gases given off from it, you 
would have found that, although separated from the body, it 
gave off carbonic acid, just as the whole body did, and this 
carbonic acid would have been increased if you had made 
the muscle contract. The muscle gives off more carbonic 
acid during the period of activity than it does during the 
period of rest. Combustion then goes on within the muscle 
itself. But this combustion does not go on exactly in the 
same way in the muscle as it does in the steam-engine, be- 
cause if you entirely cut off the supply of air from the furnace 
of a steam-engine the fire will go out, but if you had put that 
muscle into a vacuum it would still have contracted, and 
would still have given off carbonic acid. There is, therefore, 
a likeness between the muscle and the steam-engine, inas- 
much as they both produce motion by means of combustion, 
but they differ in the way in which the combustion goes 
on within them. In this respect, indeed, the muscle re- 
sembles a gun rather than a steam-engine, for it lays up 
within itself -a store of oxygen by which it can keep up com- 
bustion for some time, just as gunpowder has oxygen stored 
up in its nitre, by which its charcoal is burned within 
the closed tube of the gun, yielding carbonic acid, and 
causing an explosion. 

Indeed, the contractions of a muscle have been very 
faiiiy compared to a series of very small explosions, and 
each contraction may be regarded as a single explosion. 
But the muscle would soon use up all its store of oxygen, 
and it would cease to contract if fresh oxygen were not 
supplied to it. Yet how is the muscle to obtain oxygen, 
for it is a long way removed from the external air which is 
the only source of oxygen for animals ? It obtains it by 
means of the blood, which conveys the oxygen to the 
muscles from the external air with which it comes into close 
relation in the lungs. 

Blood will dissolve oxygen like any other fluid, but the 
quantity of oxygen which it could carry dissolved in this 
way to the muscles would be insufficient for their working, 
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and so arises the necessity for another arrangement, by 
which the oxygen-carrying power of the blood may be 
increased above that of other liquids. This is effected by 
means of the hsemoglobin or colouring matter of the blood. 
This is a very complicated body : it contains iron, and it 
may be split up into two bodies called hematine and 
globuline. It is one of the few animal substances of com- 
plicated chemical structure which are crystalline. It 
crystallises in the forms shown on this diagram. Its 



Fig. 1.* 


-A. Hsemoglobin from fguinea-pig’s blood. B. Heemoglobin from horse’s 
blood. C. Hsemoglobia from squirreFs blood. 


essential property is to take up oxygen readily from the 
external air, and give it off reachly to any substance which 
is greedy of oxygen. 

In this diagram of the circulation you see that the blood in 
the right side of the heart, and, in fact, the whole venous 
system, is coloured blue, while on the left side it is coloured 
red. These colours in the picture indicate corresponding 
differences in the colour of the blood itself. Although 
the blood in the veins is not quite blue, it is very dark red, 
whereas that in the arteries is light red. How there are 
two points in the ciinulation at which this change of colour 
takes place, viz., at the heart in the centime of the body, 
and at the capillaries in the periphery. There is as marked 
a difference between the blood in the veins and that in the 
arteries at the periphery as there is at the heart, and this is 
due to the fact that the blood containing hsemoglobin has had 
its oxygen removed in the capillaries, whereas at the Ixmgs 
it has had the oxygen again restored. This great distinction 
between venous and arterial blood has been long known, 
but it was not until the spectroscope was introduced as an 
instrument of research that we were able to ascertain with 
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FiGr, 2, — Diagram of tiie heart and vessels, with the course of the circulation 
viewed from hehind, so that the proper left of the observer cori^sponds with 
the left side of the heart in the diagram. 1j.A^ left auricle ; D.k. left ven- 
tricle; aorta; . 41 . arteries to the upper part of the body; A . arteries to 
the lower part of the body; JBC.A. hepatic artery, which supplies the hver 
with part of its blood ; Fi. veins of the upper part of the body; veins of 
the lower part of the body; F.P. vena portse; J9r.F. 

ferior vena cava; V.C.S. superior vena cava; JR A, right auricle; JC.k. right 
ventricle; P,A, pulmonary artery; JOg. lung; P.F. pulmonary vein; icr. 
lacteals ; JUiv. liunphatics ; Th.JD. thoracic duct ; Al* ahmentary canal ; 
liver. The arrows indicate the course of the hlood, lymph, and chjae. The 
vessels which contain arterial blood and which were coloured red in the 
original diagram are here light, while those which carry venous blood and were 
colouxed blue in the diagram are here shaded. 
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any tolerable degree of exactitude to what the changes W'ere 
due. Here I have a little blood mixed with water in order 
to render it transparent, as otherwise you would be unable 
to see its spectrum. I have here a small spectroscope which 
I will hand round, and will ask you, after directing the 
spectroscope to the sky, to place the two test-tubes in 
succession in front of its slit. First look at one spectrum 
and then at the other ; one is arterial blood, and the other 
is blood which I have rendered venous, that is to say, from 
which I have abstracted the oxygen by adding a little of 
this solution. The spectrum of the blood was first investi- 
gated by Professor Stokes, and he imitated artificially the 
changes which go on in the tissues by adding to the blood 
a little of a fluid which will gradually abstract oxygen. 
This flmd consists of a little protosulphate of iron, to which 
some ammonia and tartaric acid have been added. When 
I add a little of this to the blood, it takes away the 
oxygen readily, and produces a change resembling that 
which takes place when blood becomes venous. It does 
not produce exactly the same changes in the blood that the 
tissues do ; for although it abstracts the oxygen, it gives 
back no carbonic acid. You will find that in one spectrum 
you have two black bands, one in the orange, close to the 
solar line D, and the other at the beginning of the green ; 
this is arterial blood. In the venous blood you find that 
these two bands have disappeared, and in their place is one 
band broader than either, which fills up the spaces between 
the places they would have occupied. If you were now to 
close the test-tube containing the venous bood with your 
finger, and shake it vigorously for a minute or two, so as 
thoroughly to mix the air and the blood (as I do with 
another specimen), and again examine the spectrum, you 
would find that the single band of venous blood had dis- 
appeared, and that the two bands of arterial blood had 
again made their appearance. 

Now here I have imitated the changes which blood 
undergoes in passing through the body. When I added 
Stokes's fluid to it, I imitated the change it underwent in 
the capillaries ; and when I shook it up again with air I 
imitated the changes that it undergoes in the lungs. 

There are certain other peculiarities connected with this 
haemoglobin. It forms, as I have told you, a combination 



Oxyhsemoglobin 
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FiQ. 8.— Spectra of Wood. The first line shows the spectrum of arterial Wood much diluted, the second shows that of arterial Wood slightly diluted, 
the third shows that of venous Wood diluted, and the fourth shows that of Wood acted on by carbonic oxide and then diluted, 
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with oxygen termed oxy-hsemoglobin wMcb. is not very 
stable. It takes oxygen up from the lungs, conveys it to 
the tissues, and there gives it off ; but it also forms com- 
binations with other gases besides oxygen, and this is a point 
of very great practical importance. With carbonic oxide, 
the gas which is given off from charcoal stoves, it forms 
a combination very much resembling oxy-hsemoglobin in 
colour, but differing from it in this respect, that whereas oxy- 
hsemoglobin is readily reduced, carbonic- oxide -heemoglobin 
is quite stable, and not easily broken up. In consequence of 
this property, if I were to take some blood satm’ated with 
carbonic oxide, which resembles ordinary arterial blood 
in appearance, except in being a little brighter, and shake 
it up with some of Stokes’s fiuid, I should get no change 
in it. The important point about this fact is, that when 
persons are conffned in small rooms with charcoal stoves 
the haemoglobin in their blood forms, with the carbonic 
oxide, this compound, which is no longer of any use for 
respiration ; the carbonic oxide has displaced the oxygen, 
and there is no oxygen carried from the lungs to the tissues, 
so that the respiration of the tissues cannot go on. When 
persons are in this condition it is of no use to keep up 
artificial respiration, as would be the case if the person 
had fallen into a brewer’s vat; the only remedy is to 
introduce some fresh blood. This was done in a case which 
occurred at Berlin some time ago. A person was found 
lying in a state of unconsciousness in a room with a char- 
coal stove. The doctor who was called to attend him 
found that he was so far gone that artificial respiration 
would be of no use. Brom previous experiments he 
knew exactly the condition of the blood, and at once 
proceeded to transfuse healthy blood into the patient’s 
veins. The -blood thus introduced was cairied to the heart 
and lungs, — took up the oxygen, thence circulated to all 
parts of the body, and the man recovered perfectly. If it 
had not been for the previous experiments which proved 
that haemoglobin when brought in contact with carbonic 
oxide forms this peculiar compound, that man’s life would 
not have been saved. This affords a good example of the 
way in which experiments made purely from scientific 
cmiosity and without any practical end in view afterwards 
become of the greatest practical use. 
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The intercliaiige between tbe haemoglobin of the blood and 
the tissues is called internal respiration^ because it takes 
place quite away from the external air. It used to be sup- 
posed that combustion took place only in the lungs. This was, 
however, soon discovered to be erroneous, because, if so, the 
lungs would be the furnace of the body and ought to be 
very much hotter than any other part. This being found 
not to be the case, people began to investigate as to the 
part of the body in which combustion took place, and 
found that the venous blood returning from the muscles, 
glands, and other organs of the body contained more car- 
bonic acid than the arterial blood distributed to them, and 
that therefore in all probability combustion took place in the 
organs themselves. But the question next arises whether 
combustion takes place in the cells, of which the various 
organs are composed, or in the small blood-vessels which 
permeate them % A partial answer to this question is given by 
the experiment which I have mentioned of the frog’s muscle 
contracting and giving oS carbonic acid when no blood 
is present, for this is sufficient to show that combustion has 
its seat in the muscles and not in the blood. But it is very 
probable that although the muscle gives off carbonic acid 
as a product of the combustion which takes place in it, yet 
that the whole of the material which is burnt in it is not 
given out in this form. Bor it would appear that just as 
in the steam-engine part of the fuel undergoes imperfect 
combustion and is passed out in the shape of cinders, 
which may afterwards be collected and burnt, so in muscle, 
there are certain products of imperfect combustion such 
as sarcolactic acid and glycerine-phosphoric acid which 
pass out into the blood and probably to some extent under- 
go further combustion in it. But in order to ascertain 
exactly what the changes are which go on in the muscle 
we must have recourse to quantitative analysis, and we 
require a more complicated apparatus, such as this instru- 
ment which is now before you (No. 3940 in the Catalogue 
of the Special Loan Collection of Scientific Apparatus^ 
third edition). It is an air-pump by which we can 
pump out the gases from the blood. It consists of a 
receiver (-w), which contains the blood, from which the 
gases are to be extracted, a bulb (o) filled with pumice- 
stone soaked in sulphuric acid to dry these gases, and an 
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exhausting apparatus for pumping out the gases. This 
exhausting apparatus is composed of a large fixed glass 
bulb {a) connected by a piece of india-rubber tubing {d) 
with a second bulb (6), which can be raised or lowered at 
pleasure by means of a winch and chain. At the upper 
end of a is a three-way stopcock {g), by which a can be 
entirely shut or be made to communicate at pleasure with 



Fig. 4.— Mercurial pump for extracting tlie gases from the 1)100(1. 

a tube (h) dipping into a pneumatic trough^ or with the 
apparatus use. The bulb h, which instead of being some- 
what smaller than a, as represented on the diagram, ought 
to be larger, is lowered to the position h' and filled with 
mercury. The stopcock g being then opened, the bulb b 
is raised by the winch to a higher level than a, so that the 
mercury flows fi*om b into a until it is quite full, the air 
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escaping Tby the tube h. The stop-cock g is then closedj and h 
being again lowei’ed to the position of P the mercury flows 
back into it, leaving a vacuum in a. The blood is intro- 
duced into the receiver u by allowing it to flow in directly 
from a blood-vessel of an animal. It is then attached to 
the air-pump, but shut off from any communication with 
it by the stopcock t. The whole of the rest of the apparatus 
being then exhausted by raising and lowering h in the 
manner already described, or, as we may term it for con- 
venience sake, by one or two strokes of the pump, the stop- 
cock t is opened, and the gases of the blood rush into a. 
In their passage over the sulphuric acid in c they are dried, 
and by again raising h they are driven through A into a 
tube fllled with mercury and placed over the pneumatic 
trough, but not represented in the diagram. A few more 
strokes of the pump extract all the gases, drive them into 
the tube just mentioned, and there they are analysed in 
the ordinary way, which it is unnecessary to describe here. 

I mentioned to you at the beginning of this lecture that 
the muscle of a frog gives off carbonic acid during contrac- 
tion, and that this evolution of carbonic acid can be 
ascertained easily and directly by simply putting the muscle 
in a tube and analysing the gases which the tube contains 
after the muscle has been some time in it, But you cannot 
And out by this simple and direct process that the muscle 
uses up oxygen during its contraction, for it does not take 
up oxygen to any extent from the air which surrounds it, 
but abstracts it from the blood which circulates through 
it, and stores it up within itself, so that it can continue to 
contract even after the circulation has been arrested. 
While the excretion of carbonic acid then can be examined 
dii'ectly, the absorption of oxygen by living muscle can 
only be investigated indirectly by examining the composi- 
tion of the gases of the blood before and after it has passed 
through the muscle, and ascei’taining whether the oxygen 
has diminished during the passage or not. On doing 
this it is found that the oxygen is diminished while the 
carbonic acid is increased, and by this means it has been 
finally settled that oxygen is used up and combustion goes 
on in the tissues, such as muscle, themselves, and not in 
the lungs or blood only. 

We have next to ascertain how much oxygen is used up 




disappears, and is replaced by carbonic acid. Is tlie oxygen 
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used up at once as it is in a furnace or is it stored up in the 
tissues and given ofi afterwards % For instance, do I use up 
the oxygen that I get when I draw a breath immediately 
in keeping up musctdar movements, or do I store up either 
the whole or a part of it in my muscles for use afterwards 1 
This question is not to be answered by means of the air- 
pump which we have now been considering, but by another 
piece of apparatus which I now show you here, that of 
Pettenkofer and Voit, for estimating the amount of car- 
bonic acid given off and of oxygen used up by any man or 
animal in a given time. Although this seems very large, 
it is really a very small apparatus of its kind. Pettenkofer 
and Voit have an enormous apparatus at Mimich in which 



they can estimate the amount of carbonic acid given off 
and the oxygen used by a man. Here we can only use a 
small animal such as a rabbit (Ho. 3787 in Catalogue^ third 
edition). 

How, complicated as this apparatus seems, it is in reality 
very simple in its plan. Here we have a glass box, and ilT 
it a rabbit. The box is rather small for the a n imal, and if 
it were completely shut, the box would very soon begin to 
feel very close, and the animal very uncomfortable, so, in 
order to prevent this, we must have a stream of air passing 
through it. 

It is very difficult to analyse large qtiantities of air, and 
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it would be impossible to analyse the whole quantity 
breathed by a man during such a long time as an entire 
day. It is also quite unnecessary, for its composition can 
be ascertained as well from the analysis of a small sample 
as from an analysis of the whole, and if both the entii-e 
quantity of air respired and that contained in the sample be 
carefully measured, a simple sum in proportion will give 
the composition of the whole. The apparatus, then, consists 
of five parts. 

1. A box, or room, A, in which the animal or man 
respires. 

2. A fan, or pump, b, to draw a current of air constantly 
through the room. 

3. Pumps, c, c', to suck out a sample of the air after 
it has passed through the room. 

4. An apparatus, /, n, i>\ to analyse this sample. 

5. A large metre, e, to measure the total quantity of air 
which has passed through the room, and small metres, E, e', 
to measure the samples. 

There is an inlet in A at this side, a, through which the air 
enters, and an exit at the other side (6), through which it 
passes out. It is drawn through the apparatus by means of 
an aspirating machine, b, and the amount which passes is 
marked by means of a metre, b. "We can thus ascertain the 
amount of air passing through the apparatus in a given 
time. The next thing is to analyse a sample of it. Here 
is the tube (c) through which the air is passing, and 
there is a little tube {d) attached to it, and if we can suck 
a little of the air through this tube we shall get a sample. 
This is accomplished by means of a little pump, c', which 
pumps the air from the tube, and sends it through this 
apparatus, n, n'. This pump is neither more nor less than a 
small glass Ibell-jar, which passes into a vessel containing 
mercury. Each time it is raised it creates a vacuum into 
which the air rushes from the large tube leading from the 
box, and each time it is depressed it drives out the air 
again along another tube. It is prevented from going 
backwards by means of a little valve, v, consisting of a small 
bulb half filled with mercury, so arranged that the air can 
only pass one way. By having one of these valves here 
between the tube and the pumping apparatus, and another 
between the pump and analysing apparatus, we secure 
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tliat the air shall not go backwards, and at each movement 
of the bell-jar we withdraw a certain quantity of air from 
the tube (c), and drive it into the analysing apparatus, n' 
and on through the small metre, E. 

The first part of the analysing apparatus consists of a 
small jar filled with pumice stone and strong sulphuric acid, 
which absorbs the watery vapour. This water, of course, 
increases the weight of the vessel, and as it is weighed before 
and after the air has passed through it, you can ascertain 
from the increase in weight how much water was contained 
in the air, and, therefore, by a simple calculation, how much 
water the animal was giving ofi in a certain time. The air 
is then drawn through a tube, b, containing a quantity of 
baryta-water, which absorbs the carbonic acid given off by 
the animal. Prom this long tube it passes into a shorter 
one, d', which is filled, like the first, with baryta- water, 
and is simply supplementary to it, so that if by any chance 
the whole of the carbonic acid was not absorbed by 
the baryta-water in the first tube the second one would 
take up the remainder. The fact is, however, that the 
barjrta- water .in the first tube in almost every case absorbs 
the carbonic acid so completely that the second one is of 
no use. Then there is a small metre, e', by which is measured 
the quantity of air which has passed through the small 
tube. From that metre you can either let the air go out 
into the atmosphere, or can collect it over mercury, and 
analyse it for oxygen. Thus you see you have the quantity 
of ail' passing through the apparatus measured by the large 
metre, then the quantity which is withdrawn for examina- 
tion is measui'ed by the small metre, and thus you know 
what proportion your sample beai'S to the original quantity. 
You may perhaps have a thousand litres passing through 
the apparatus, and ten litres taken as a sample. Then you 
can say that so much watery vapour has been passed off 
in these ten litres, and multiplying that by 100 you ca^, 
say there was so much watery vapour exhaled by the animal 
in the time the apparatus was at work. By estimating the 
amount of carbonic acid collected by this bar;^a-water you can 
ascertain how much carbonic acid has been contained in the 
quantity of air passing through this tube, and multiplying 
that by 100 you get the quantity contained in the whole. 
These are the essentials of the apparatus. There is, besides, 
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motlier vessel wliicli can be attacbed to eaeb tube in 
bont of tbe metre in order simply to satm-ate tbe air with, 
v^^atery vapour before it is measui*ed. Thus we ensure that 
the amount of the watery vapour in the air and in the 
sample shall be the same. The volume of air differs 
slightly according to the amount of watery vapour it 
contains, and the water having been withdrawn from the 
sample it would be necessary to make a correction for the 
watery vapour in comparing its volume with that of the 
total air. A much easier plan is simply to saturate both 
the whole air and the sample of air with water, and then 
measure them. 

But besides the means of measuring the total quantity of 
air passing through the apparatus, and of measuring and 
analysing the sample, you want a standard of comparison 
for your sample, and this is got by taking a little of the 
external air just as it enters the apparatus, and measuring 
and analysing it in the same way as the other sample. By 
comparing the amount of carbonic acid and watery vapour 
and oxygen contained in the air which enters the chamber 
with the amount of these substances contained in the air, 
after it has been breathed by the animal, you can make out 
what changes have been produced in it by the animal’s 
respiration. 

By means of this apparatus some very interesting facts 
have been made out ; and I think one of the most interest- 
ing of all of these is that the oxygen we take in is not 
immediately used up, but may be used up a good while after- 
wards. Bor example, the oxygen that we take in during the 
course of the night is not used up at the time we are sleeping, 
but it is stored up for work the next day. During the night 
we take in more oxygen and give off less carbonic acid j during 
the day we take in less oxygen and give off more carbonic acid, 
so that the body as a whole can store up oxygen just as the 
frog’s muscle of which I have several times spoken, and use 
it up as it is wanted. The day is the period of combus- 
tion, the night of repair, and the necessity for having well- 
ventilated bed-rooms becomes self-evident, for otherwise 
how can the body get the oxygen it requires % 

I must now pass on to speak of the mode in which the 
muscles are supplied with fuel. We have hitherto been 
dealing only with the respmation of the muscles — of a single 
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muscle, or of tlie muscles of tlie wliole body ; but we must 
remember that tbe muscles, like a steam-engine, not only 
require oxygen, but fuel, and bow are tbey to obtain tbis ? 
Tbe fuel is food, and in an ordinary meal consists, let us say, 
of a beefsteak, bread, butter, and sugar. iSTow, bow are these 
to be dissolved, and bow are tbey to be made available for tbe 
muscles % If you consider tbat tbey are in a solid condition, 
and that tbey bave to pass tbrougb animal membranes, from 
tbe stomacb and intestines into tbe blood — tbat tbey bave 
to be in a state not merely of fine division, but in a state 
of very perfect solution, you will see it is not such an easy 
matter to provide tbe fuel for tbe muscles. Moreover, tbey 
require to be not only dissolved so as to allow tbem to pass 
into tbe blood, but broken up into other bodies having 
generally a simpler chemical composition so as to allow tbe 
muscles to assimilate tbem. A chemist could break tbem 
up by using strong beat or powerful acids, but neither of 
these means could be used by an animal body without 
undergoing destruction itself, and so tbe food is decomposed 
in another way which seems to me to bear tbe same relation 
to tbe violent methods of tbe chemist, tbat a plan of 
quarrying employed by tbe ancient Egyptians bears to tbe 
rude blows of a gang of powei^ful navvies. When those 
strange old people wished to cut an obelisk from a granite 
quarry, tbey simply cut a small groove in tbe direction in 
which tbey wished to split tbe obelisk. Tbey drilled small 
boles in these grooves, and into tbe boles tbey put wooden 
wedges. Then tbey poured water into tbe grooves; tbe 
wooden wedges swelled up, and by their expansion burst 
tbe obelisk from tbe mass of living rock to which it was 
joined. 2!7 ow foods are broken up in tbe animal body by 
substances termed ferments, which I think may be fairly 
compared to tbe wedges of tbe ancient Eygptians, as tbey 
do their work most efficiently, and with an expenditure of 
apparently very little force. Eor example, I bave bgjp 
some fibrine obtained by whipping blood. A chemist could 
decompose tbis by putting it into dilute hydrochloric acid, 
and then applying strong beat under pressui-e ; but I can 
effect tbe same decomposition much more qiiickly without 
raising tbe temperature above tbat of tbe body if I simply 
add to tbe hydrochloric acid a little pepsin, tbe ferment con- 
tained in tbe stomacb. Tbe decomposition w'bicb occui-s 
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during the assimilation of foods may be said generally to 
consist in tbeir taking np water and then breaking np into two 
or more simpler bodies. The heat which the chemist applies 
may be said to drive the water in and tear them apart, 
while the ferment which accomplishes the same thing as 
the heat may be supposed to insinuate itself into them and 
let the water in so that they fall apart. You must remem- 
ber that I use this illustration only in a general way, and 
that I do not mean to say it is in every way exact. 

The ferments by which digestion is carried on act only at 
a certain temperature, namely, that of the body. When the 
temperature is low they hardly act at all, and above a 
certain temperature they are destroyed ; so that it is only 
within certain limits that we can carry on digestion. 
The temperature of the body is constant, and if we wish to 
imitate the digestion which goes on in the body we must 
have a constant temperature. In order to do this we 
employ a thermostat or gas regulator (3950 d and e in 
Catalogue), 

This is a sort of self -regulating valve through which the 
gas passes to the burner placed under the vessel we want 
to keep warm. The thermostat is put in the vessel, so that 
the temperature of both rise and fall together. The in- 
strument is so adjusted that when its temperature falls it 
lets more gas pass through it, so that the dame becomes 
bigger and the vessel and thermostat consequently warmer. 
As the temperature rises the thermostat allows less and less 
gas to pass through it, the dame consequently becomes 
less and the temperature again falls. In this way the 
temperature can be kept oscillating within such narrow 
limits as to be for most purposes practically constant. 
There are various forms of thermostat, but in all of them 
the supply of gas is regulated by mercury, which expands 
when warm so as partially to block up the tube through 
a 5 di,ich the gas passes, and on cooling contracts so as to 
leave it open. 

In this way we are able to keep fluids at any given 
temperature for a long time together, and are thus able to 
imitate out of the body the process of digestion which goes 
on in it. 

Now, as some of you may wish to repeat this experiment 
of artificial digestion, I may as well tell you how you can 
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get tlae ferments for yourselves. These ferments are con- 
tained in the stomach, in the panereas, and in the small 



FlO. 7 shows a common form ot appaidius lor expeiimenfcs on artificial diges* 
tion, furnished with one of Geissler’s thermostats a is a tin vessel nearly full 
of water, supported on a tripod and heated by a gas lamp placed underneath. 
l.Gd e is the thermostat. is a beaker, into which the substances to be 
digested are put. The thermostat consists of a wide tube, b, partially filled 
with mercury, furnished with a perforated cork, and a glass X'tube, c, f, 
inside which is a smaller and shorter tube, d, the upper ends of A and c being 
luted together, c is now pushed through the cork into the mercury in b, and 
connected by india-rubber tubing with the gas main and l&mp. The gas 
passes from the main through the india-rubber tube, g, doym. the gas tube, d, 
out at its lower end into c,/, and thence to the lamp. As the mercury m i 
becomes warm it expands, and rising in c closes the lower end of d. The 
supply of gas to the lamp would thus be entirely cut off, were it not for a 
small hole: c, in d, which just allows sumcient gas to pass through to keep the 
lamp alight. The instrument is adjusted by putting c Just so far through the 
cork in b that the mercury does not touch the lower end of d until the liquid 
in is at the exact temperature desired The thermostat would apt per- 
fectly well if b were filled with mercury only, but in order to render it stiU 
more delicate b is provided with a horizontal diaphragm m its ini,d dle_^ 
from the centre of which a tube passes nearly to the lower end of b. 
mercury is poured into i some runs down to the bottom and shuts up the air 
in the space i, under the diaphragm. When the air m i gets warm and ex- 
pands. it pushes up the mercury from the lower end of b, and closes the or^oe 
of d. As it expands more quickly than the same _^lk of meromy it renders 
the instrument more sensitive. It is sometimes difficult to get the hole, c, m 
the tube, d, sufficiently small. The temperature consequently rises abOTe 
the required point, even when the end of d is closed by the mercury* To 
obviate this another form has been invented by Page, in which the gas re- 
quired to keep the lamp alight passes through another tube, regulated by a 
stopcock, as shown in Fig. 8. 
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I'lG. 8 —Padre’s thermostat showing the large tube and mercurial regulator through 
which the gas passes to keep up the temperature, and the small tube with a 
stop-cs>ek through which the gas passes to keep the lamp ahght when the 
supply IS entirely cut off in the larger tube by the rise of the mercury. 



intestines. They are readily dissolved by glycerine, and 
the easiest way o£ getting them is to strip off a piece o£ 
the mncons membi-ane of the stomach, and to cut it 
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into small pieces, or to chop np a piece o£ pancreas and 
soak the fragments in alcohol for a few days, so as to 
coagulate the albumen. You then pour otf the alcohol and 
pour on some glycerine, and allow it to stand. The 
glycerine dissolves the different ferments, and the albumen 
having been previously coagulated, you get a solution of the 
ferment tolerably free from albuminous matters. You can 
also buy the ferments of the stomach and pancreas. The 
substance sold as pepsin is obtained by simply scraping 
the mucous membrane of the stomach and drying it.^ I do 
not know how the preparation from the pancreas is made, 
but both of these are most efficient ; and it saves you the 
trouble of making them for yourselves. These ferments 
■which exist in the body vary in their character. The first 
we meet with in passing down the alimentary canal is the 
ferment of the salivary glands. The action of this you 
can readily ascertain by simply chewing a piece of bread. 
It soon gets sweet, showing that the starch of the bread is 
becoming converted into sugar. The second is pepsin, 
the ferment of the stomach. This only acts in an acid 
solution. Here are two pieces of fibrine, which I put into 
these two flasks at the beginning of the lecture, and which 
have been kept at blood-heat in the water-bath. Both of 
them were treated with dilute hydrochloric acid, but to one 
of them a little powdered pepsin was also added. You 
see that the hydrochloric acid alone has simply caused the 
fibrine to swell up. But the hydrochloric acid and pepsin 
together have had a very different action. They have 
almost completely dissolved the fibrine. The solid parts 
have almost entirely disappeared, and the whole of it is dis- 
solved just as it would have been in an animars stomach. I 
might have treated a third piece of fibrine with water and 
pepsin alone for the sake of comparison, but it would 
have been of no use, except to show you that pepsin has 
no action whatever. You would have found that the fibrine 
remained exactly as it was before. 

The next ferment is that from the pancreas, which has 
a threefold action. Like pepsin it dissolves fibrine, but it 

^ Pepsin may be obtained from Messrs. Bullock and Reynolds, 
Hanover Street, Hanover Squai'e, London, and pancreatine from Messrs. 
Savory and Moore, Bond Street, London. 
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le mercury may ruu]ii 
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also acts upon starcli and converts it into sugar, even more 
readily than the salivary ferment does. 

I have here in a test-tube a little fresh starch paste, and 
to this I add some solution of caustic potash and a few 
drops of a solution of copper sulphate. On boiling the 
mixture no change takes place in the colour. But if I now 
repeat this experiment with starch paste which has been 
allowed to stand in the waiier-bath for a short time after 
the addition of a few drops of glycerine extract of pan- 
creas, the result is very different. The mixture instead of 
remaining blue becomes yellow and very turbid, and 
deposits an orange-yellow sediment. This is due to the 
reduction of the copper sulphate to copper oxide by the 
grape sugar, which has been formed from the starch paste 
by the pancreatic juice. The starch paste itself has no 
such action, and so the mixture containing it remains blue 
after boiling. The third action of the pancreatic ferment 
is upon oils and fats. It first of all forms with them an 
emulsion. Here is some oil, and if I add to it a little of 
this solution of pancreatine and shake it up, you will find 
it will form a milky emulsion, more especially if you add 
to it a little water. But this is not all, for it splits up the 
fat into fatty acids and glycerine, and the fatty acids 
uniting with some of the alkalis found in the intestines 
form soaps, and the soaps, along with the fatty acids and 
the unaltered particles of fat, pass readily through into the 
circulation ; so that one of the chief uses of the pancreatic 
fei*ment is to render fat capable of absorption. 

The only remaining ferment is that of the intestinal 
juice, and this is neither so good for demonstration, nor 
so easy of investigation as either of the other two. If 
you look into the subject, you will find that the action of 
^ the intestinal ferment is stated very differently by different 
observers. The reason of this, in all probability, simply 
is that its action is not so definite as that of the other 
ferments, and not so readily exerted upon the unaltered 
constituents of food, which we are accustomed to use in our 
experiments, as upon the residues which are left by the 
other ferments in the intestines. After the other ferments 
have acted upon the constituents of the food the intestinal 
ferment comes into action, and completes the work which 
they have begun 

VOL. II. 
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By their action we get the albuminous constituents of the 
food converted into what are called peptones, soluble kinds 
of albuminous substances which differ very considerably 
from the other forms. We get starch converted into grape 
sugar, and both this and peptones diffuse readily through 
animal membranes, although albumin and starch do not. 

In the collection we have a piece of apparatus which not 
only dissolves the food in the- way I have shown you, but 
also shows you the passage of the food after solution 
through animal membranes. It consists of a truncated 
funnel, containing a filter made of a piece of bladder, and 
placed in a jar of pure water. Into the filter are put some 
fibrine, pepsin, and dilute hydrochloric acid, and the whole 
is then put in a water-bath at blood-heat. As the fibrine is 
digested, the peptones which are formed diffuse through the 
bladder into the water, and thus we get a good imitation of 
digestion in the stomach, where peptones are removed by 
absorption at the same time that more are being formed by 
the action of the gastric juice (N”o, 3496 in Catalogue), 
There is only one other apparatus which I shall describe 
to you. Here you have a sheep which is kept constantly 
in one position. It may be fed regularly, and all the pro- 
ducts of respiration may be collected if you like by 
putting the animal into a large Pettenkofer’s apparatus. 
But the products of respiration form only one part of the 
products of the decomposition of tissues : a large part also 
passes out in the urine. Food contains a quantity of 
nitrogenous substances, and the waste products to which 
these give idse, after they have fulfilled their purpose in 
the body, pass out of it in the urine, and this must all he 
collected in order to ascertain what the decomposition of 
the tissues in an animal has been. The apparatus consists 
simply of a large iron ease, in which the animal is kept 
fixed by straps, and in the vessel below the urine can be 
collected. The food can be collected as it is put in ; and 
any food that is not consumed may be estimated ; so that 
you can ascertain exactly the food that has been taken in 
a given time, tbe quantity of carbonic acid given oft* and 
the quantity of oxygen used ; and you can collect under- 
neath the urine, and estimate the quantity of nitrogenous 
ivaste given out in a given time. In this way you can 
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estimate the whole of the tissue change that has gone on in 
the body of an animal (JSTo. 3939 in Catalogue). 

Thei'e is one result of this I should like to mention. We 
could not know beforehand whether the decomposition of 
the nitrogenous substance went on in muscle and glands 
at the same rate as actual combustion. It might have 
been that combustion and decomposition of tissue went 
on at the same rate, but by experiments with this apparatus 
it has been found that that is not the case, but that, first of 
all, the muscle gets split up, and then that the products of 
the splitting up undergo combustion. The way this has 
been made out is by giving the animal phosphorus. It is 
then found that the nitrogenous waste is greatly increased, 
whereas the excretion of carbonic acid is considerably dimi- 
nished. This shows that, although the tissues have been 
split up at a much greater rate than before, yet they have 
been undergoing combustion at a less rate than before. 
The consequence of this is, that instead of the animal 
remaining in a healthy condition, all the tissues, which were 
formerly nitrogenous, become more or less converted into 
fat. The reason of this appears to be that the albuminous 
bodies of which the muscles and glands are chiefly com- 
posed split up into urea and fat. The urea passes off by 
the kidneys, and the fat in a healthy animal undergoes 
combustion and yields carbonic acid and water, which pass 
off by the lungs. But when these albuminous bodies split 
up too quickly the whole of the fat which is formed in 
them cannot be oxidised, and so it remains in the place 
where it is formed until its accumulation gives to the 
organs of the body the appearance of having been converted 
into fat. A somewhat similar result is observed when 
oxidation is lessened in the tissues, even although they do 
not split up more quickly than they ought to do. 

This explains a very curious fact which has been long 
known — that persons who have lost a great quantity of 
blood very often become extremely fat, and in some parts 
of Germany it is known even to the peasantry, so that 
when they want to fatten a cow rapidly, instead of giving 
it more food they bleed it, a very odd thing to do, one 
would say. The simple reason is, that by taking away a 
quantity of the blood-corpuscles, which usually carry to the 
tissues the oxygen which maintains combustion in them, the 
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oxidation o£ the non- nitrogenous substances such as fat is 
diminished, and the fat consequently accumulates. The 
splitting up of the tissues, which we now know to be inde- 
pendent of combustion, in all probability is carried on by 
means of ferments in the same way as the splitting up of 
food in the intestines. But here we reach the limit of our 
knowledge, and must wait until further experiments sub- 
stitute certainties for hypotheses, and enable us to talk, 
not of probabilities but of facts. 



ON EUDIOMETERS. 

BY PROFESSOR MCLEOD. 

The name eudiometer was applied to the instniments 
employed shortly after' the discovery of oxygen for 
measuring the purity of air, which was thought to 
depend solely on the quantity of oxygen it contained. 
The name has since been applied to apjoaratus used for the 
analysis of gases in general. 

The first attempt at analysing air seems to have been 
made by Dr. Hales, and is described in his book on 
‘‘Vegetable Staticks,” published in 1727, and which is even 
now worthy of perusal, although the facts stated by him 
require a little correction. The apparatus Hales used was 
more for the formation of gas than the determination of 
its properties. The apparatus he employed was of this 
description : At the top was a glass retort, and to it was 
attached a fiask with the bottom removed, called a bolt- 
head, Genei'ally a glass retort was used, but when certain 
substances were used which required a high tempera- 
ture, a gun-barrel was employed. The apparatus was 
filled with water up to a certain level by putting an 
inverted syphon into the bolthead, putting it in water..^ 
when some air escaped thi'ough the syphon. The syphon 
was then removed and a basin of water placed under 
the bolthead, when the water remained at a certain 
level. This level was marked by a piece of string, and 
heat was then applied to the retort, and in this way the 
gases appeared. There was a descent of the column of 
water in the vessel which was marked ; and to show the 
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accuracy ■witli wMcli lie conducted his experiments it may 
be mentioned that be determined the expansion of air 
in the retort when nothing else was present. He first 
warmed it, and generally found the water was displaced ; 
then heating it to a low red-heat he measured the amount 
of expansion which took place under those conditions, 
and found it due to the diftei-ence in volume. On heat- 
ing it to a bright white-heaC the volume increased to 
three times. He then placed in his retort various sub- 
stances, almost anything he could lay his hands on, 
organic or inorganic, and submitted them to what we 
should now call destructive distillation. The gases pro- 
duced filled this bolthead more or less, and he noticed 
the volume at the end of the heating and after it had 
cooled, and then after allowing it to stand over water 
for some days. We know at the present time that when 
organic bodies are heated, one of the products is carbonic 
anhydride, which is soluble in water ; and consequently 
in Hales’ experiments the gas was continually disappearing, 
or, as he described it, it lost its elasticity ; but still, as he 
thought he was dealing with common air, he never imagined 
he had anything hut common air in these old experiments. 
He imagined that the gas had again become solid, oi' else 
that it was re-absorbed by the body left in the retort. 
However, he was a man of considerable intelligence, a 
philosophic clergyman. He was rector of Faringdon in 
Hampshire, and the minister of Teddington in Middlesex, 
He says at the end of his paper : — “ If those who un- 
happily spent their time and substance in search after an 
imaginary production that was to reduce all things to 
gold, had instead of that fruitless pursuit bestowed their 
labour in searching after this much-neglected volatile 
Hermes, which has so often escaped through their burst 
receivers in the disguise of a subtle spirit, as mere flatu- 
^nt explosive matter, they would then, instead of reaping 
vanity, have found their researches rewarded with very 
considei'able and useful discoveries.’’ This is so absolutely 
true that I can scarcely i-efrain from bringing it before 
you, although it is 150 years old. 

The measurement of the goodness of the air seems to 
have been first attempted by Fontana about 1770, and 
afterwards by Priestley in 1774, and about the same time 
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also, or a little later, by Cavendisli. These three observers 
employed for their experiments what was known at the 
time as nitrous gas, and which is now known as nitric oxide. 
When nitric oxide is brought in contact with air, or any 
gas containing oxygen, red fumes are produced, and these 
red fumes are easily absorbed by water, so that if the 
experiment be performed over water, and the two gases 
are mixed, there will be ar? absorption and diminution of 
volume due to the disappearance of the red fumes which 
have been absoi'bed by water. Let us try this experiment 
in a way somewhat similar to that in which it was don© 
the first time it was tried. It was necessary to mix the 
air and the nitric oxide in equal proportions ; and her© T 
have a cylinder which I will invert over water, and which 
has upon it two strings to mark the height of the water, 
I first introduce this vessel full of air into the cylinder, 
and you see the water stands at the level of the first string. 
I could show you by introducing a second cylinder full of 
air that it would stand at the height of the second string, 
but pei'haps you will take my word for it. Now I intro- 
duce an equal volume of nitx'ic oxide as rapidly as possible ; 
thus we mix the gases together, and allow them to absorb. 
You see the production of the red fumes. At the first 
moment there was a slight expansion, due to the heat, 
but now you notice there is an absorption, the red fumes 
are gradually disappearing, and the volume of gas is less 
than the sum of the two original volumes. This absorption 
was employed by. Fontana, by Priestley, and by Cavendish 
in order to measure the goodness of air. It was supposed, 
especially by Fontana, that the greater' the diminution of 
volume the better the air was, because it would contain 
more of this vital principle. However, it was soon shown 
that differences in manipulation were quite sufficient to 
throw out the results, and make them discordant. Fontana 
describes the way in which the gases are to be mixed exactly 
in two equal volumes, to be agitated for half a minute — 
more and no less, with exactly the same amount of energy 
and any difference in these details of manipulation were 
quite sufficient to spoil the analyses, and make them dis- 
agree with one another. It was in consequence of this 
disagreement that it was imagined that air was a bod;^ 
of variable composition, Cavendish, however, very much 
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improved the process by admitting the nitric oxide very 
slowly in minute bubbles into the volume of air with 
continual agitation, and in that way he succeeded in 
obtaining results very accordant indeed, but which were 
not capable of giving complete analyses of the air, because 
he also found, as has been recently found within the last 
few months, that the nitric oxide prepared by the action 
of acids on metals varies very considerably in composition, 
Scheele used for the analysis of air another substance 
altogether, namely, a mixture of iron filings and sulphur 
made into a paste with water. This nilxtme was placed 
in a retort with the neck standing in waLor, and after 
several hours, or sometimes several days, the diminution 
of the volume of the gases or of the air was very percep- 
tible. This is due to the absorption of oxygen by the 
iron filings and sulphur, but it was soon shown that after 
a time there is a formation of some sulphuric acid, which, 
acting on the iron, liberates hydrogen, and therefore 
there is ultimately a mixture of nitrogen and hydrogen 
left in the retort which gives a greater volume than the 
pure nitrogen which the air originally contained. This 
process of Scheele’s had been previously tried by Dr, Hales. 
I tried an experiment of this kind during last week, and I 
find it takes thi’ee or four days with a small quantity of 
iron filings and sulphur, to absoi'h the oxygen from a 
moderately large retort. This process is, therefore, far 
too slow. Scheele also used a very ingenious mode of 
analysing the air, but one which is not capable of any 
direct application. He took a small bottle and placed it 
in some zinc and sulphuric acid so as to generate hydrogen. 
From the top of the bottle passed a narrow glass tube 
drawn out to a jet, at which the hydrogen was inflamed. 
This vessel was placed in a pneumatic trough, and a large 
glass was inverted over it as rapidly as possible. Of 
course the fiask contained its own volume of atmosphei'ic 
aitr. The neck of the fiask was placed in the water of the 
trough, and of course, the hydrogen combining with the 
oxygen produced a diminution of volume. But he noticed 
the diminution until the moment the hydrogen was extin- 
guished from the complete exhaustion of the oxygen, and 
then measured the minimum volume. Of course after that 
there began to be an increase of volume on the mixture of 
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hydi'ogen with, the I'emaining niti'ogen. This was a mode 
of analysing the air by the application of hydrogen, the 
process invariably used in all accm'ate experiments at the 
present time. 

Another substance used by Scheele was a solution of 
liver of sulphur in water ; that is obtained by fusing 
together sulphur and what used to be called potash, but 
which is really potassic cal'bonate. In this way he got a 
mixture of potassic sulphides and potassic hyposulphite, 
which is a mixture which has the power, especially when 
in solution and slightly warmed, of absorbing oxygen ; and 
Scheele employed an instrument for the absorption of 
oxygen for this mixture, which was afterwards used by 
Guyton de Morveau, who employed the potassic sulphide 
at a high temperature placed in a retort with the neck 
standing in water. The end of the retort was ground into 
a long tube dipped into water. The retort was exactly 
filled with atmospheric air, and the ground tube was 
adjusted so as to prevent loss of gas by expansion in the 
retort by the first application of heat. Of course when 
heat is applied there is first expansion and then an absorp- 
tion of oxygen, and the diminution of volume after cooling 
is measured. 

Another great advance was made by Seguin, who used 
phosphorus for the absorption of oxygen. A tube was 
inveited over mercury, and into it was introduced a small 
piece of phosphorus. By placing a red-hot iron near the 
tube, sufficient heat radiated to melt the phosphorus against 
the side of the vessel. Air was then introduced, and the 
phosphorus being still warm was infiamed, and the oxygen 
was removed. The gas was then poured out into another 
graduated tube and measui’ed. Berthollet also employed 
phosphorus, but used it at the common temperature, and 
the same process is still occasionally used. The objection 
to phosphorus is that it has a certain vapour tension at 
ordinary temperatures, and therefore ^\jth of the resid-dSi 
volume must be deducted to allow for this quantity of 
phosphorus vapour. By using phosphorus in the cold 
state, six or eight hours are required for the complete 
absorption of the oxygen. 

A great improvement was made in these processes by 
■yolta, who proposed to explode a mixture of air and 
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laydi’ogen in a properly constructed vessel. Here is a 
modern example of a Volta tube. It is made of very 
thick glass with a stopcock at the lower poi'tion, and is 
graduated into cubic inches. At the top are placed two 
platinum wires almost touching. The air and the hydrogen 
are collected in this tube over water or mercury ; they 
are well mixed ; the stopcock is then closed, and an 
electric spark passed between the wires, which produces an 
explosion. You have the hydrogen combining with the 
oxygen, the watery vapour is instantly condensed, and on 
opening the stopcock under water or mercury there will 
be a certain rise in the tube : the diminution in the 
volume will consist of two volumes of hydrogen and one 
of oxygen, and, therefore, one-third of the diminution will 
represent the oxygen present in the aii\ It is obviously 
necessary to employ an excess of hydrogen. 

This instrument of Volta’s was afterwards improved by 
lire, and is known as lire’s Syphon Eudiometer*, of which 
this is a modern example. It consists of a bent tube 
closed at one end with platinum wires sealed through it, 
graduated on the closed limb. When an explosion has to 
be made, the gas is introduced by filling the whole tube 
with mercury, and inverting it over mercury in the trough 
and allowing the gas to pass up in what ai'o supposed to 
be the right proportions. You first put in the air, turn it 
over and measure the volume, and after having carefully 
levelled the mercury in both tubes, once more invert it, 
introduce the hydrogen, and measure again. The mixture 
is exploded by holding the tube in the hand, leaving a 
column of air in the open side, and closing the open end 
fii'mly with the thumb. The knuckle of the third finger 
is brought in contact with the wire, and by means of an 
electrop horns a spark is sent through the mixture. I 
never performed this experiment, because one imagines 
there might possibly be a little nervousness at feeling the 
efectric shock passing thi'ough one’s knuckle, especially 
when holding a tube containing gases to be exploded. I 
am told, however, that there is no danger whatever, that 
it only wants a little strength of mind, and that the 
concussion is entirely taken up by the cushion of air 
between the mercury and the thumb, and that the results 
are very concordant indeed. 
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Dolbereiiier, who discovered the curious action of spongy 
platinum on a mixture of hydrogen and oxygen, proposed 
to determine the oxygen in the air by introducing into a 
mixture of hydrogen and air spongy platinum made up 
into balls with clay. This gives concordant results, but 
there is a little dii&culty about applying it, and it is 
therefore not much used, especially as we now know that 
the explosion method is superior to all others. 

All those processes which I have described at present, 
refer to the determination of oxygen only, but this was 
not by any means all that was required j it was necessary 
to go very much further than to determine only one gas, 
and in the Phzlosophical Transactions for 1803, Hope 
described an instrument, of which there is a remnant here 
taken from the collection, of Dalton’s apparatus. It 
consists of a graduated tube (the upper portion of which 
is unfortunately broken off) divided into ten parts, con- 
taining two cubic inches, and there is a small bottle fitted 
by grinding to the lower end. The bottle is filled with a 
liquid absorbent, which for oxygen might be a solution of 
hepar sulphuris or a solution of ferrous sulphate saturated 
with nitric oxide, which answers perfectly. This having 
been filled is closed with a ground-glass plate, and then 
placed in the pneumatic trough. The graduated tube con- 
taining air is put over the bottle, the plate removed, and 
the tube introduced into the ground neck, You then 
have a measured quantity of gas in contact with the 
liquid in a perfectly air-tight vessel. The apparatus is 
inverted and shaken about ; it is inti'oduced once more 
into the water, and the side stopper below is slightly 
opened ; this causes an introduction of some water to 
replace the gas which has been absorbed, and the process 
is continued until no more absorption takes place. The 
residual volume in the case of aii' would be nitrogen, but 
this appai'atus may be employed for the determination 
of other' gases besides oxygen. Henry afterwards employ <^1 
an india-rubber bottle instead of the glass bottle, which 
enables you to introduce the liquid absorbent into the gas 
with great ease. 

But there was a great improvement made in this 
apparatus by Pepys, who made a number of most impor- 
tant experiments on gases in general, most of which he 
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descz'ibed in the Philosophical Transactions. Here is one o 
Pepys’ eudiometers also belonging to the Dalton collection. 
This contains one cubic inch of gas to the lowest division. 
Thei'e is a bent tube carefully ground in, and fitting so that 
when placed over the tube below there is no possibility of 
loss of gas. The india-rubber bottle attached to the bent 
tube is completely filled with an absorbent, and when so 
filled it is invex'ted and the tifbe fi^xed into the eudiometer 
which contains the gases under water or mercury. By 
simply squeezing the bottle you can introduce the reagent, 
squirting it up the sides of the tube and causing absorption. 
After the absorption is complete you may read off the 1 00th 
divisions with ease, provided the surface of the watex* or 
mercury is exactly at the division. But Pepys invented a 
very ingenious mode by which one- tenth of one of these 
small divisions might be I'ead. The appax'atus was a wide 
cylinder with a small opening at the bottom closed by a 
cox'k, throixgh which a nax’row glass tube drawn out to a 
fine point was capable of being moved. This was connected 
by means of a steel joint with an india-x'ubber bottle filled 
with mex'cury or watex’ — generally mercury. The tube was 
drawn down below the level of the mercury in the vessel, 
then the eudiometer was placed ovei' the nai'row tube 
and depressed, or the india-rubber bottle pushed up until 
the point of the tube came just above the surface of 
the mercury within the eudiometer. Then by opening the 
stopcock a small quantity of liquid ran down into the 
bottle below, and raised the quantity of mercury within 
the eudiometer until it came exactly to the level of a 
division. When this was done, a certain portion of gas 
which corresponded to the fi'action of the division had been 
introduced into this narrow tube. The narrow tube was 
graduated so that each division represented 
smallest division of the eudiometer', so that the eudiometei' 
being divided into lOOths and this tube into -j^ths of 
those, it was possible to woi'k to ^th of a per cent., and 
Pepys' results agreed very accurately indeed with that 
small fraction. 

A number of different absoi'bents have been used at 
different times for oxygen and other gases. The alkaline 
pyrogallate has been employed, and I shall pi'esently show 
you an apparatus in which it is used. But it is to Bunsen 
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that we owe the greatest advance in the analysis of gases. 
We have on the table a fairly complete collection of 
Bunsen’s apparatus, supplied hy Desaga of Heidelberg. 
One of the instruments is what is termed an absorption 
tube, or absorption eudiometer. It consists of a tube about 
250 millimetres in length and twenty in diameter. In this 
the absorption of diflterent gases by reagents is carried out. 
Besides that you have an explosion eudiometer which is very 
much longer — 800 millimetres in length — provided at the 
top with a pair of platinum wires, by means of which an 
electric spark can be passed through a mixture contained in 
it. The tubes are first graduated, but they are not divided, 
as was generally the custom in previous times, into certain 
volumes, but into lengths. They are divided into milli- 
metres, and the apparatus by which the division is made 
is on the table. It consists of a double board with a 
graduated scale fixed on one side, and the tube to be 
graduated is placed at the other end. The tube is covered 
with wax, preferably mixed with a small quantity of 
turpentine. This is finely spread by means of a brush 
over the glass tube, which is then placed at the end of the 
apparatus. It is covered with two pieces of metal, one of 
which has a perfectly straight edge and the other has an 
edge with notches in at it every five millimeti'es, giving 
the long lines of the divisions. In order to graduate you 
use what is virtually a pair of beam compasses, a rod 
of wood with a point at one end and a knife-edge at the 
other. The point is placed in a scale, and by means of the 
knife-edge you make a scratch on the wax, and hy this, in 
a short time, you get a tube of 800 millimetres gra- 
duated. After you have scratched the wax it is necessary 
to see that you have made no mistakes before the tube is 
removed. After having satisfied yourself that there are 
no mistakes, or correcting them by melting the wax by 
means of a red-hot platinum wire and re-marking it, the 
tube is removed, after the numbers are marked, by mea-^^s 
of a steel pen, because that gives a double line in the 
down-stroke, which makes the graduation more easy to 
read. The tube is then placed over a trough of lead, con- 
taining a mixture of sulphuric acid and calcic fluoride— 
the hydrofluoric acid which passes off, etches the tube very 
evenly, and gives you divisions which ai’e easily read. I 
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should like to say that I think the graduations on this tube 
of Desaga's are too long. I will give you my reasons for 
objecting to them, and then leave you to judge for yourself. 
I have put on the board five lines, which we will suppose 
to represent five divisions of the tube. When those are 
long, the interval between them appears to be less than 
when the lines are shorter. The lines are really placed 
about an inch apart, but thG;5l appear no doubt somewhat 
closer together. I will diminish the length of them, and I 
think you will find as the process of diminution goes on 
the apparent distance between the lines increases. This is 
really only an instance of the scientific use of the imagina- 
tion,” but it is a very useful one. If I may be allowed to 
direct attention to one or two of my own graduations, you 
will find the length of the lines is only about a millimetre, 
that is to say the length is about equal to the distance 
between the two divisions, and I think in that way you get 
about the maximum apparent distance, which enables you to 
measure to about the one-tenth of a division without much 
difficulty. 

The next process after the graduation of the instrument is 
the calibration of it ; that is, you want to know the value of 
each division of the whole tube. The calibi-ation is made by 
introducing measured volumes of mercury into the eudio- 
meter. The eudiometer is placed in an inverted position 
t-'uly vertical, being adjusted by means of a small plumb- 
line placed at the side of it. A glass tube, closed at one 
end, held in a wooden clamp to prevent change of tem- 
perature, and ground carefully at the upper surface so that 
it may be completely closed by a plate of glass, is filled 
with mercury by means of a little reservoir, the mercury 
being taken dowm to the bottom so as to prevent any 
air-bubbles being formed on the side. This little non- 
graduated tube is called the calibrating tube. When it is 
completely full it is removed and the glass plate forced 
<Ka the top so as to expel any excess of mercury, and you 
then have the tube absolutely filled. This quantity is now 
carefully poured into the eudiometer which is to be 
calibrated. If any air-bubbles remain at the side they 
can be removed by shaking, or moi'e advantageously by the 
introduction of a little piece of whalebone pressed against 
the side. After the addition of each volume of mercury 
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the height is read hy means of a cathetometer, which 
consists of a telescope sliding on a vertical rod which has 
cross wires in the eyepiece, and enables you to get the 
exact surface of the mercury. Having got the instrument 
into its proper position, you read the divisions and estimate 
the lOths at which the mercury stands. This process is 
I’epeated over and over again until the tube is full. If the 
tube were truly cylindricai each volume of mercury which 
is introduced would raise the column exactly to the same 
extent ; but as a tube never is perfectly cylindrical, a 
calculation has to be made to determine the value of each 
separate division. When mercury is contained in a glass 
vessel the surface is not plane in consequence of capillarity 
— the surface is in fact convex. Now, during the calibration 
of the eudiometer the convexity of the surface is upwards, 
that is, towards the open end of the tube, whereas when 
the eudiometer is employed for measuring the volume 
of a gas, the curvature of the mercury is in the opposite 
direction. The volume of mercury which is measured by 
the calibrating tube is therefore a little less than the 
■ volume of gas that would be contained in the tube when 
the highest part of the surface of the mercury is at the 
same division on the eudiometer. It is necessary to deter- 
mine this volume, which is done by noting the height at 
which the mercury stands when the eudiometer is inverted, 
and then introducing a small quantity of solution of 
mercuric chloride (corrosive sublimate), which attacks the 
mercury, altering the surface tension and making the 
surface hoi'izontal. The distance which the mercury sinks 
in the centre of the tube is noted, and twice the volume 
indicated by the falling of the mercury is the volume 
which would escape measurement if this precaution were 
neglected. In all measurements made with the eudiometer 
this error of meniscus has to be added to the observed 
volume, or what comes to the same thing ; twice the dis- 
tance that the mercury has fallen is subtracted from tfee 
observed height of the column of mercury. The eudiometer 
is now ready for use. 

It is of course extremely necessary in all measurements 
of gas analysis to be very careful to avoid parallax in the 
reading. If the eye is a little too high or too low you 
will read the instrument too high or too low. Thus I can, 
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by cKanging tbe position of my eye, read the mercury in 
this tube as high as twenty-four or as low as twenty-two. 
There are two ways by which this difficulty can be 
avoided ; one is by the mirror method of observing. You 
take a piece of looking-glass and hold it against the tube, 
the tube being practically straight and the looking-glass 
being practically plane, the two surfaces will come in 
contact, and by placing the ey^in such a position that the 
pupil which is visible on the looking-glass is divided into 
two parts by the surface of the mercury, you are quite 
certain that the eye is at the proper level. The only 
objection to this method is that you have to come so close 
to the instrument that the hand may raise its temperature ; 
it is, therefore, preferable to use such an instrument as the 
cathetometer, which enables you to read from the other 
end of the room. This method of mirror-reading is intro- 
duced into one of the eudiometers I have here, in which 
the mirror is graduated instead of the tube, and you read 
oh the level of the mercury by observing at the same time 
your eye and the surface of the mercury, and being quite 
certain that it is at the proper level. 

The absorption of gases by Bunsen is carried out by 
means of solid reagents. He takes the reagent and fuses 
it in a small tube or crucible, and then pours it into a 
bullet mould. This mould is conveniently arranged with 
a small notch filed at the lower part, through which a 
platinum wire is passed, upon which the reagent is cast so 
that you obtain a wire with a bullet at the end of it. 
These wires here have on the ends bullets of caustic 
potash, and are used for the absorption of such gases as 
carbonic anhydride. I will show this by way of compari- 
son, because aftei' wards I will show you the mode of 
absorbing the same gas by means of a liquid reagent. 
This is only a test tube — ^in proper gas analysis one would 
use an absoi'ption tube, which is longer, and which would 
r^st against this Y-shaped support. This is a trough such 
as was used by Bunsen, made by Desaga, but it does not 
at all fulfil Bunsen's requirements. There must be a place 
on which the eudiometer is supported, so that when the 
gas is introduced there is no fear of the tube falling to 
the bottom. This is effected by a small projection with a 
notch in it, on which the tube will rest so that there is no 
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fear o£ its falling down. The next thing is to introduce 
the ball of potash, and it requires a little delicate manipu- 
lation to get it into its proper position without the admis- 
sion of any atmospheric air. The potash must not be 
too hard. The bullet is placed below the mercury, 
and by means of the fingers the mercury is carefully 
rubbed against it so as to remove all traces of atmospheric 
air. It is then introduced into the eudiometer, and when 
it is in its proper position the end of the wire must be 
left below the surface of the mercury in order to avoid any 
possibility of any air being carried up by capillarity, 
between the mercury and the platinum. You notice how 
slowly the absorption is taking place, and this is pure 
carbonic anhydride, so that it is in its best condition to be 
absorbed, as there is always a supply in contact with the 
potash. When you are determining by means of caustic 
potash the quantity of carbonic anhydride which may be in a 
gas, it is necessary to leave the bullet in contact for several 
hours. When the absorption is complete the bullet is 
removed by a slight jerk, so that any gas carried down by 
it is left behind and not brought through the mercury. 
Then the absorption tube is placed perfectly vertical and 
left in a room by itself for at least half an hour, with a 
thermometer standing by its side. Then the operator comes 
into the room and stealthily approaching the cathetometer, 
so as not to produce currents of air, reads off the tempera- 
ture of the thermometer and the height of the column of 
mercury. Having got this height he may more leisurely 
measure the height of the column of mercury in the trough 
on the outside of the tube. The tube being graduated 
almost down to the mouth, you can measure in this way the 
height of the column of mercury which it has in it, which 
has to be deducted from the barometer in the calculations. 
In all these experiments you must be very careful in 
reading the thermometer and also the barometer. The 
one used by Bunsen is a syphon barometer, graduated cpr 
one limb, and at the upper portion, it is divided from a zero 
point in the centre, and the column of mercury is deter- 
mined by adding together the two readings on the tubes. 
Sometimes the zero point is placed below, and then you 
have to subtract the shorter column from ' the longer, but 
VOL II. ^ 
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there are less errors produced by addition than by sub- 
traction in cases of this sort. 

Of course you will see that the calculations necessary 
for determinations of this kind are something frightful. 
You have to measure the height of the column of mercury, 
the height of the barometer, to take into consideration the 
temperature of the atmosphere, and, in very accurate 
];)eriments, the temperature of#the merctiry column in the 
barometer. This is done by means of this small thermo- 
meter placed within it. In the case of the explosion 
eudiometer several precautions have to be taken. One 
which is essential is that at the bottom of the trough in 
which the explosion takes place there must be a pad of 
india-rubber against which the bottom of the eudiometer 
is placed. This is a eudiometer which I constructed some 
time ago, and which is a slight improvement on that of 
Bunsen, in this respect,^ that the wires do not project 
beyond the surface of the tube. If you have to deal often 
with a long eudiometer of that kind, and have to clean the 
outside of it, there is great danger of these pieces of wire 
being caught by the cloth and gradually bent one w^ay or 
the other until they are broken : and very often, previously 
to the breaking of the wire you break the tube, from the 
slight cracking of the glass at the outside. In this 
one the wires have been cut o££ level with the surface 
of the glass, and then smoothed by rubbing on a piece of 
ground glass until you can scarcely feel their points. In 
this way there is no fear of the tube being cracked by the 
bending of the wire, and the contact is made by means of 
an ordinary American clip with two little pieces of platinum 
put within it to which wires are affixed, and to these you 
can hang the wires from the coiL If they break no harm 
is done. This tube contains a mixture of atmospheric air 
and hydrogen, and is arranged exactly as it would be for 
the determination of the amount of oxygen in the air. 
After the connections have been made, the tube must be 
held very firmly with the mouth pressed against the 
bottom of the trough on the caoutchouc pad. The ex- 
plosion, unless you have an improper mixture, will not 
damage the tube ; but you should hold it at the lower 
portion where the mercury is, because it is found that 
whei'ever such a tube bursts it is always at the surface of 
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the mercury. The only danger is that the face may he a 
little damaged by pieces of broken glass. You will notice 
a slight film of moisture on the tube when the explosion takes 
place;, and that is all. *. You see the diminution of the volume, 
which has to be measured. Before the measurement takes 
place you must leave this eudiometer standing for at least 
three-quarters of an hour, so as to acquire the temperature 
of the aii\ Then you comecnto the room, measure off the 
temperature and calculate the result exactly as I described 
before. One precaution which I did not take in this case 
was to properly coat with mercury the surface of the india- 
rubber, vrhich is best done by putting ripon it a few drops of 
a solution of corrosive sublimate. This causes the mercury 
to adhere to the india-rubber, and then there is no danger, 
when contraction has taken place, of any air being sucked 
up. In order to save time I did not take this precaution, 
and it has had the advantage of forcing me to describe one 
point which is essential. When the explosion took place, 
it sucked up a small quantity of air from the surface of 
the india-rubber, and you saw the bubbles rising. All 
these processes require very great precautions. One thing 
necessary is to have the hydrogen very pxire. The pro- 
cess employed by Bunsen for the preparation ^o£ pure 
hydrogen for the determination of oxygen is by an 
electrical process, in which the positive pole of the battery 
consists of some amalgam of zinc. This tube contains a. 
platinum wire connected with one pole which is bent 
round below which will be covered with the amalgam of 
zinc, the rest of the tube being filled with dilute sulphuric 
acid. The negative pole, from which the hydrogen is 
evolved, consists of a plate of platinum. The apparatus 
is surrounded by a vessel of water which prevents a rise 
of temperature, and the gas when evolved is allowed to 
pass through this washing apparatus, which may be filled 
with sulphuric acid so that the gas is obtained in a dry 
state. The hydrogen can be prepared pure enough foi*^ 
ordinary purposes by the action of dilute sulphuric acid 
on zinc in a small apparatus, from which the air must, of 
course, be carefully expelled before the gas is collected. 
Occasionally it may happen that the gas which is being 
analysed contains so little oxygen that its mixture with 
hydrogen will Hot produce an explosive mixture- and in 
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sucIl a case it is necessary to introduce some explosive gas 
obtained by tbe electrolysis of water to aid the explosion. 
The gases are generally measured moist ; for this purpose 
a little water is introduced into the end of the eudiometer 
by placing a drop on the end of a long stick ; this keeps 
the gas saturated, but great precaution must be observed 
with regard to the presence of water, for in some cases the 
gas is dry after your measur^^ment, although it was wet 
before you began, so that you must make a correction for 
the tension of aqueous vapour in one case and not in the 
other. In this case the carbonic anhydride was quite wet, 
but after the potash was put in it will have dried it, and 
therefore after the removal of the bullet of potash it must 
be looked upon as a dry gas. 

When the oxygen has to be determined, it is usually 
done by the diminution of volume by the disappearance 
of a certain quantity of gas after hydrogen has been intro- 
duced and the mixture exploded ; but in some cases it is 
necessary to actually measure the steam. For this purpose 
Bunsen devised this instrument, consisting of a tube 
through which a quantity of steam from boiling water can 
be passed, in which the eudiometer is suspended by means 
of a holder after it has been removed from the trough : A 
powerful current of steam is sent through, and a thermo- 
meter is placed within so that the temperature may be 
determined ; or you may assume it to be that of boiling 
water. The process is very rarely adopted, and perhaps I 
am not committing any breach of confidence when I say 
that a celebrated chemist who has done a great deal of 
work with gas analysis when he saw this instrument did 
not recognise it 3 which shows that it is not very much 
used. 

Many improvements have been made in this process of 
analysis. You see the great slowness of it. The absorp- 
tions take a long time, and the time which has to be lost 
in allowing the gas to acquire the tempei’ature of the air 
is very considerable, and the calculations also are by no 
means short, although they are not difficult. An improve- 
ment was made by Begnault and Beiset, who devised an 
apparatus in which the eudiometer is connected at the 
lower end by means of an iron three-way cock to another 
glass tube longer than but of the same diameter as the 
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eudiometer. At the top of the eudiometer is a capillary 
tube provided with an iron stop-cock and joint, to which a 
laboratory tube can be attached. The eudiometer and the 
lower part of the other tube (which is open at the top) are 
surrounded by a glass cylinder filled with water. The tem- 
perature being maintained constant by the water, the gas is 
measured in the eudiometer, which is provided with plati- 
num wires to which copper* wires can be attached^ and an 
explosion can be made in the tube below the water, and 
readings can be taken off at once. The gases ai'e introduced 
by means of a laboratory tube, as it is termed, which is 
placed in a mercurial trough, which may be raised or 
lowered by means of rack- work. 

The difference of level of the mercury in the eudiometer, 
and second or pressui-e tube, will give very simply the 
height of the column supported by the gas, and this has 
to be introduced into the barometric calculation. The 
temperature is obtained by a thermometer standing in the 
water by the side of the eudiometer. The substance for 
absorption to be used will depend on the gas to be 
absorbed, but it is always used in the liquid condition. 
Whilst the gas remains in the measuring tube, a few 
drops of the liquid reagent are introduced into the 
laboratory tube by a bent pipette. The gas is then 
allowed to pass once more into the laboratory tube. The 
mercury is depressed, and the whole of the side of the 
vessel becomes moistened with the liquid, and presents 
a large surface for the absorption of gas which takes 
place very quickly. Let me by way of contrast show you 
the absorption of carbonic anhydride by liquid potassic 
hydrate. I take a small hent pipette with an india- 
rubber connector, and so introduce a little into the gas, 
and agitate slightly so as to moisten the side of the tube. 
You will see the carbonic anhydride very rapidly absorbed 
by the solution, whereas the former experiment, which has 
been standing now nearly an hour, is not yet complete. 
You see therefore the great advantage of the liquid reagent 
in the apparatus of E-egnault and Keiset. This apparatus 
was afterwards very much improved by Dr. Drankland and 
Mr. Ward, who added to it as it now stands a barometer. 
You will see that as originally made this instrument 
would have to have all the barometric corrections made as 
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before ; but by Frankland and Ward’s apparatus the baro- 
meter tube was placed in the water-vessel together with 
the others, so that the pressures of the gases could be read 
off independently of changes of atmospheric pressure. At 
the bottom there was a means of communicating the tubes 
with one another in any way you pleased. At the bottom 
there is a three-way cock by which communication can be 
made, between the two outsider tubes, and a long barometer 
tube which passes down below. It is a tube of iron more 
than thirty inches long ; so that when the stop-cock was 
turned in one position the mercury would flow out of the 
apparatus, and the whole become vacuous. The eudiometer 
was divided into ten equal volumes, so that it was easy to 
reduce the gas always to cei-tain volumes, and then measure 
the tension or pressure in the barometer tube. In this 
way the corrections were much diminished, and there 
were fewer calculations to be made. We were entirely 
independent of the variations of the atmospheric pressure, 
and the only thing that had to be attended to was the 
constancy of the temperature of the water in the large 
vessel j but this was obtained by keeping a continuoixs 
stream of water flowing thi'ough the apparatus. 

Some years after Frankland and Ward's apparatus was 
employed I used this one, which is absolutely on the same 
principle, although the supply tube was removed and the 
mercury was admitted by means of a reservoir which could 
be raised or lowered by a wdnch ; there is at the back a 
black screen to enable you to obtain the proper' illumina- 
tion of the surface of the mercui'y. You get the bottom of the 
black line exactly on a level with the mercury and have the 
light below. The telescope here enables you to read of£ the 
height of the column, and at the same moment the volume 
of mercury is being altered by turning the stop-cock. 

Dr. Frankland has lately improved upon his original 
apparatus by the removal of the centre supply-tube alto- 
gether, the mercury being admitted from a reservoir con- 
nected to the apparatus by a flexible tube. In this 
instrument we have the advantage of having no connec- 
tions -which are not of glass or which consist merely of 
two pieces of steel brought together. In Kegnault and 
Heiset’s you have metallic communication, there being steel 
stop-cocks and communications ; and you have no idea of 
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the annoyance ^v]lich is produced when in the middle of a 
complex analysis you see an abominable bubble of air rising- 
up through the mercury in the eudiometer and mixing with 
the gas. Of this I have had several experiences, which made 
me vow I would never use steel joints when I could do 
without them. In a glass joint you can see immediately 
when anything goes wrong, whereas it is quite impossible 
to hnd where any part is out of order in a steel one. 

Quite recently an apparatus has been described by "Yon 
Jolly, known as a constant eudiometer because he uses 
a constant volume. In Frankland's apparatus I told you 
there were eight or ten divisions of the tube by which the 
volume of gas was to be measured; but in Von Jolly s 
you have one only. In order to get rid of the tempera- 
ture corrections Vo3a Jolly employs a reservoir of ice placed 
round the vessel, and in this way you have only the 
barometric correction remaining. This barometer tube, at 
the top of which is the measuring vessel, is connected by 
means of a flexible connector with another tube capable 
of being slid up and down on the stand, so that by raising 
and lowering this, first roughly by means of this wooden 
screw and afterwards by a fine adjustment, you bring the 
level of the mercury absolutely to a level of the fiducial 
point at the bottom of the measuring vessel. There is one 
suggestion I would make to Professor Von Jolly, and that 
is to simply convert the open tube into a barometer, and 
you would have all the cori-ections complete at once. 

There are many processes in manufacturing chemistry 
in which gases can be conveniently analysed, and there are 
on the table five or six different pieces of apparatus which 
are applied for these purposes. Here is one which has lately 
come into use, invented by Dr. Scheibler. It is an apparatus 
for the estimation of calcic carbonate in bone charcoal, and 
for the analysis of carbonates in general. A we'ghed 
quantity of the substance is submitted to the action of 
hydrochloric acid in a bottle connected by a caoutchouc 
tube with the measuring apparatus. The level in the tw^o 
tubes is adjusted by introducing a liquid or allowing it to 
flow out. By graduating the tube in a different manner 
and by using a constant quantity of the carbonate you can 
determine the percentage of the carbonate instantaneously. 
Then there is an apparatus of Dittrich perfectly similar 
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in construction, to Scheibler^Sj but it is simpler in one way 
because instead of baving that complex arrangement for 
the raising and lowering of the liquid in the tube he 
makes one to slide, and you slide it until the column of 
liquid is level in both. 

Then there is an apparatus described by Winkler, of 
which there are three specimens on the table. It is a'n 
absorption eudiometer ; and ttfufortunately one instrument 
can only be used for the absorption of gas by one reagent 
without washing it out again ; but by using two instru- 
ments you can use two reagents one after the other with- 
out loss of time. There is an ordinary stop cock at the 
top, and at the bottom a three-way-cock. The gas can be 
blown through the measuring tube and out at the top. 
You can fill the apparatus simply by passing the current of 
gas through for a sufficient time. When the gas has dis- 
placed the air entirely the India rubber tube is closed by a 
compression cock, and you then have the eudiometer filled 
with the gas. The absorbent which is to be used is poured 
into this non-graduate d tube, and a small quantity of air 
will be imprisoned between the long portion of the tube 
and the stop-cock. The three-way-cock is turned upside 
down, the compression-cock is opened until the reagent 
flows out through the nozzle ; then you have the gas in one 
tube and the reagent in the other, and all that you have to 
do is to bring them in contact. You turn the three-way- 
cock when the column of liquid foi'ces a small quantity of 
liquid into the gas. They are then well shaken together, 
and the stop-cock is turned so as to allow the liquid to flow 
in. The readings are taken off in the usual way. When 
only a small quantity of gas has to be measured the lower 
part of the tube is graduated so that a small absorption 
which may be less than ^th per cent, is shown. You see 
it would be impossible to employ this instrument for 
absorption by means of another reagent without trans- 
f€^iTing the gas into a second apparatus for a second 
absorbent, while washing out the first; but this instru- 
ment of Winkler has been used several times, and washed 
out without any accident occurring bo it. 

Then there is another apparatus of Max Liebig which is 
used for the determination of oxygen. The gas is measured 
in a pipette containing 50 cc., and connected with a caout- 
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cb-ouc ball filled with water. IBy squeezing the ball the 
pipette is filled with water, and by allowing the water to 
return into the ball the gas is sucked in. After measurement 
the gas is forced into a flask surmounted with a graduated 
tube and filled with an alkaline solution of pyrogallic acid. 
The level of the liquid in the measuring tube and another 
parallel to it is adjusted by a bottle and caoutchouc ball. 

Then there are thi'ee pieces 'of apparatus by Or sat, which 
are very ingenious indeed, and which all seem to be on the 
same principle. In Orsat’s apparatus the gas is measured 
in a graduated tube connected by caoutchouc with a 
reservoir of water, mercury, or dilute glycerine. By means 
of a tube with several branches the gas may be passed into 
bell-jars containing the different reagents for the absorption 
of carbonic anhydride, a vessel containing a solution of 
caustic potash and a number of glass tubes open at both 
ends is employed. The tubes becoming moistened increase 
the surface. Oxygen and carbonic oxide may be absorbed 
by an ammoniacal solution in a bell jar containing copper- 
wire, gauze, or the oxygen may first be absorbed by an 
alkaline pyrogallate, and the carbonic oxide by the cuprous 
sohrtion. Between each absorption the gas is transferred 
to the graduated tube and measured. 

Here is another ingenious apparatus by which eudio- 
metric work can be performed. Here is a small hydrogen 
apparatus by which hydrogen can be generated, passed into 
it and measured. Instead of producing explosion, which 
would destroy the instrument, the gas is slowly passed 
through a small spiral of platinum heated by a flame, and 
after having passed that it is transferred into a receptacle, 
once more brought back into the measuring tube and the 
diminution of volume measured. 

Lastly, there is one other apparatus which I cannot pass 
over because it is entirely new and it appears to me to be 
capable of consideiable improvement. It is an apparatus 
by Biidorff. It is intended for the determination -^of: 
carbonic anhydride in coal gas. It is a Woulfe's bottle 
with three stop-cocks ground in the necks, one being a 
three -way-cock. The three- way-cock is turned so as to 
connect one tube with the Woulfe’s bottle, and a stream 
of coal gas is driven through from an inlet tube until 
you are quite sure that the whole of the air is expelled. 
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Having got it to tMs condition tlie stop-cock is turned off. 
Then a small quantity c£ solution of indigo is introduced 
into the manometer, the stop-cock is turned so as to connect 
the manometer with the reservoir. By opening one of 
rhese stop-cocks you will see that the level is easily 
adjusted, so that the gas contained within the vessel has 
the atmospheric pressure. When this is the case the stop- 
. cocks are left in their preserffc position. It is connected 
with a manometer, and into a graduated burette you intro- 
duce some solution of potash. You then turn the stop- 
cock and allow a drop to enter. The entrance of this drop 
produces absorption of the carbonic anhydride and there 
will be a rise in the level ox' diminution of the internal 
prossui'e. You" admit moi^e and more solution of potash 
until the pressure is restoi'ed, when you measure how much 
liquid has been inti'oduced which is the actual measure of 
the gas you are absoi'bing. You will see that by changing 
the burette you can introduce thx'ee or four absorbent re- 
agents one after another, provided that those first in- 
troduced do not interfere with the action of the following. 

Messrs. Hussell and West have devised an apparatus for 
the estimation of rii*ea in urine. Tive cubic centimetres of 
urine are introduced into a bulb at at the bottom of a wide 
tube, and the bulb closed with a stopper at the end of a 
glass rod. The wide tube is then filled with an alkaline 
solution of potassic hypobromite and water intx'oduced into 
the trough, through the bottom of which the wide tube 
passes. A graduated tube is filled with water and inverted 
in the trough, the stopper is removed from the neck of the 
bjilb, and the invei'ted tube placed over the wide one. Tb e 
urea is decomposed by the hypobromite, and by gently 
heating the bulb the I'eaction is completed in five minutes. 
Prom the volume of gas collected the percentage of urea 
is determined. 

There are many important chemical processes in which 
g?£ses are produced, and a proper investigation of the 
quantities and composition of these gases will doubtless be 
useful to the manufacturer as well as to the scientific 
chemist in following the changes taking place in various 
operations. All improvements in apparatus adapted to the 
analysis of gases ai^e thei'efore of considei'able importance 
from an industrial as well as a scientific point of view. 



TECHNICAL CHEMISTRY. 

BY PROFESSOR ROSCOE, F.R.S. 


LECTUBE I. 

ON THE MANUFACTURE OF SULPHURIC ACID. 

In' Ms admirable Letters on Chemistry, Liebig gives it as 
his opinion that the commercial prosperity of a country may 
with great accuracy be estimated by the amount of sulphuric 
acid it consumes. You will readily acknowledge this to be 
true when you remember that there is scarcely an impor- 
tant branch of industry which, directly or indirectly, does 
not need to employ sulpMudc acid for carrying on some of 
its processes, and when you learn that the result of this 
universal demand is that no less than 850,000 tons of 
sulphuric acid were manufactured in Great Britain last 
year, whilst this enormous amount is likely steadily to 
increase. By far the largest portion of this acid is employed 
in the manufacture, from common salt, of the alkali soda 
ill its different forms, the remainder serving to carry on 
an endless variety of trades, amongst wMch those of the 
artificial manure maker, the gold and silver refiner, the candle 
maker, the dyer and bleacher, the calico printer, the lucifer- 
match maker, the wire drawer, the galvaniser, and the 
colour maker may be mentioned as some of the more 
important. 

The national importance of this manufacture will now 
be obvious to you, and I propose to point out, as clearly as 
I am able, the chemical principles upon wMch this great 
branch of chemical industry depends, describing at the 
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same time tlie appliances, apparatus, and plant made use 
of in tlie production of this most useful substance. This 
is indeed all that any lecturer on* Technical Chemistry can 
with wisdom propose to do. The attempt to teach manu- 
factiiring by means of lectures is, on the face of it, one 
which can only end in failure. But, on the other hand, 
to apply the principles of chemical science to an industry, 
and to explain the scientific ba^s upon which it rests, is not 
only a legitimate, but a most necessary part of our national 
system of scientific instimction, and one which ought by all 
means and at all risks most strenuously to be encouraged. 
For want of the general distribution of such a sound 
knowledge of scientific principles amongst our manufacturing 
and industrial population, the monetary loss to the nation, 
to put the case in its lowest terms, has been, and even yet 
is, enormous, and no portion of Government expenditure can 
be so remunerative as that employed for the purpose of 
"Spreading such a knowledge among the people ; thus 
giving to manufacturers the means not only of conducting 
their known processes with efficiency and economy, but, what 
is even more impoi*tant, enabling them to improve upon the 
old system, to introduce new and better means of attaining 
the end they have in view, and thus to bring about those 
revolutions in manufacturing industries, with examples of 
which the science of applied chemistry is so familiar. 

Let us then first turn our attention to the history of our 
subject, and inquire when and how sulphuric acid became 
first known and applied. It appears probable that the 
celebrated Arabian alchemist Geber, who is said to have 
lived about the end of the eighth century, was acquainted 
with sulphuric, or, as it was formerly called, vitriolic acid, 
in an impure state. Basil Valentine, who lived in Erfurt 
at the beginning of the fifteenth century, was the first to 
describe fully the method of preparing this acid from 
ferrous sulphate or green vitriol, Fe SO 4 + H 2 O, and to point 
out that when sulphur is burnt with nitre, a peculiar acid, 
sulphuric acid, is formed. 

As its common name, oil of vitriol, indicates, this acid was 
obtained in early times solely by the dry or destructive 
distillation of green vitriol. This salt is first roasted in the 
air, when it loses water, and becomes oxidized to a basic 
ferric sulphate, which can then be further heated in clay 
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retorts, as slrown in Fig. 1, and yields a strongly fuming 
liquid, to wMch the name of fuming sulphuric acid is given, 
this, on addition of water, giving ordinary oil of vitriol. 

Sulphuric acid at the present day is made by a totally 
different process. In order to understand the method as it 
is now carried on, it will be necessary for us to inquire into 
the chemical composition of the acid and the nature of the 



Fig. 1. 


reactions which take place when sulphur undergoes oxidation. 
Sulphuric acid, like every other definite chemical compound, 
possesses a constant composition, which we indicate by the 
formula .HgSO^, signifying that this body contains three 
elements, hydrogen, sulphur, and oxygen, united together in 
the proportion of two parts by weight of the first to thirty- 
two of the second, and sixty-four of the last constituent. 
When sulphur bums in the air, or in oxygen, it combines to 
form the lower of its two oxides, termed sulphur dioxide, 
and having the formula SO 2 . This body, belonging to the 
class of acid-forming oxides, when brought into contact with 
water, unites to form an acid — 
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to which, we give the name of sulphuroz^s acid. In order to 
obtain snlphnrtc acid (11^804)5 by the combustion of snlphnr, 
we must in some way or other add on to the dioxide a 
third atom of oxygen, and form the body known as sulphur 
trioxide (SO3), and this, when it comes together with water, 
forms sixlphuric acid, as we see by the equation — 

SO3 + H^O = H,SO^. 

The problem, then, which we have to solve is how to get the 
sulphur dioxide to take up this additional dose of oxygen. 
There are several ways in which this may be done. I hold 
in my hand some finely-divided metallic platinum. I place 
some of the spongy metal in this tube, which I can warm 
with the lamp, and over this platinum I will pass a current 
of dry sulphur dioxide, mixed with dry oxygen gas. The 
former gas is evolved in the flask {a), and the oxygen passes 
in from a gas-holder through the tube (5). You observe 
that before reaching the platinum these gases retain their 
transparency, but that after passing over the metallic 
powder a dense white fume fills the tube and receiver. 
These white fumes consist of sulphur trioxide, and we only 
n'eed to pass these fumes into water to obtain sulphuric 
acid. In this reaction the platinum remains unaltered, it 
simply enables the oxygen and the sulphur dioxide to com- 
bine together. This, you will say, is a very simple mode of 
making sulphuric acid, and one capable of being employed 
for the production of the substance on any scale. XJnfor- 
tunately, however, this process does not succeed on a large 
manufacturing scale, for in practice the platinum becomes 
covered with dust and dirt, and its pores get stopped up, so 
that after a while it no longer fulfils its function, and is 
unable to bring about the required combination. 

There is, therefore, nothing left but for us to look out 
for some other mode of effecting our purpose. It has long 
been known, as I have said, that when a mixture of sulphur 
and’ nitre is deflagrated, sulphuric acid is formed. This old 
observation serves as the key with which to solve our diffi- 
culty, and contains the principle npon which the modern 
manufacture of sulphuric acid is founded. 

The apparatus which is before you illustrates' in a 
satisfactory manner the chemical reactions which take splace 
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in this process. In the bulb -tube I have placed some 
sulphur ; I melt it with the lamp, and pass over it a stream 
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flame, and the products of the combustion, the fumes of 
sulphur dioxide, (SOg), pass, together with excess of air, into 
the large glass globe. So far, then, we have, as you see, 
no formation of sulnhuric acid or white fumes. Now, how- 



Fig. 8. 


ever, I pour some nitric acid upon the copper contained in 
the small flask {a), and thus I evolve some nitric oxide gas, 
which passes into the globe along with the Sulphur dioxide ; 
at the same time I boil the water contained in the flask (5), and 
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tlie steam passes likewise into tlie globe. Under tbese circum- 
stances we shall find that sulphuric acid is formed in large 
quantities in the globe. 

'Now for the explanation of its formation. Sulphur 
dioxide, as we have seen, cannot by itself take up oxygen 
from the air, but if any of the red nitrous fumes, such 
as nitrogen peroxide, (NO 2 ), be present together with water, 
then the sulphur dioxide can take up oxygen from the 
red fumes, and thus sulphtoic acid is formed. This is 
expressed by the equation — 

SO^ + HP + NO^ = H^SO^ + isro. 

The moment that the nitric oxide, NO, one of the products 
of this reaction, comes into contact with the free oxygen 
of the air, it combines to form the peroxide of nitrogen 
again, thus : — 

NO + o = ]sro2, 

and this peroxide is ready again to give up half its oxygen 
as soon as it meets with sulphur dioxide and water. So 
that, as you will readily understand, an infinitely small 
quantity of red fumes is able to convert an infinitely large 
quantity of sulphur dioxide, oxygen, and water into sul- 
phuric acid, for these red fumes simply serve as the carriers 
of the atmospheric oxygen to the sulphur dioxide. This is, 
then, the theory of the manufacture of sulphuric acid, so 
far as we yet understand it. 

Let us now pass on to the practical part of our subject, 
and trace the progress of the manufacture from the earliest 
and most rude methods up to the most perfect plans in use 
at the present day. 

Coimelius Drebbel appears to have been the first to intro- 
duce the present system of manufacture into England, but 
the first satisfactory information concerning the methods 
adopted was given by a quack doctor of the name of Ward, 
who shortly after the year 1740 introduced into England^a 
process for making the acid, originally proposed in Trance 
by Messrs. Lefevi’e and L6meiy. This consisted in burning 
a mixture of sulphur and nitre in a large glass globe or 
bell containing water. The globes were of some forty to fifty 
gallons in capacity. A stoneware pot was introduced, and 
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on this a red-h.ot iron, ladle was placed. The mixture of 
sulphur and saltpetre was then thrown into this ladle, and 
the vessel closed, in order to prevent the escape of the 
vapours which were evolved ; these were absorbed by water 
placed in the globe, and thus sulphuric acid was produced. 
Trom the mode of its manufacture this was termed acid 
“ made by the bell,” and was sold at 2s. Qd. per pound. In 
1746 a marked improvement was introduced into the pro- 
cess by the substitution of lihe glass globe by a leaden 
vessel or chamber about six feet square. THs was effected 
by Dr. Roebuck, of Birmingham, and in 1749 works for 
the manufacture of sulphuric acid by this process were 
erected at Prestonpans, on the east coast of Scotland. The 
mode of working these leaden chambers was .sirm'l.n.r to that 
adopted with the glass globes. The charge of sulphur and 
nitre was placed inside the chamber, then it was ignited, 
and the door closed. After some time, when most of the 
gases had been dissolved by the water contained on the 
floor of the chamber, the door was opened, the remaining 
gases allowed to escape, and the chamber then charged again. 

Por many years the chambers did not exceed ten cubic 
feet in capacity, and yet in these all the acid used in the 
coimtry was made, and much was exported to the Continent, 
and known as “ English sulphuric acid,” a name still in use 
to distinguish acid thus made from that obtained by distmiTig 
green vitriol, and known as “ Nordhausen acid,” from the 
place of its manufacture. 

The first vitriol works in the neighbourhood of Dondon 
were erected at Battersea by Messrs. Kingscote and 
Walker in the year 1772, whilst eleven years later a 
cormection of the above firm established sulphuric acid 
chambers at Eccles, near Manchester. The number of these 
works soon increased, and in the year 1797 there were, 
according to Mr. Mactear, no less than six or eight different 
sulphuric acid factories in Glasgow alone, whilst England 
which hitherto had been a large importer, in the above year 
exported oil of vitriol to the extent of 2,000 tons. 

The object for which much of the acid was at that period 
employed was as a substitute for sour milk in the old 
system of bleaching, by which at least half the time 
needed for the bleaching operations was saved. Then 
again a great stimulus was given about this time to the 
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manufactm*e by Berthollet’s application of chlorine to the 
bleaching of cotton goods — srdphmac acid being needed 
for the formation of this element ; and from that time up 
to the present the demand for sulphuric acid has gradually 
increased, until it appears now to he almost unlimited. 
According to the valuable statistics of Mr. Mactear, the cost 
of manufactui*e in the year 1798 was Z2L per ton, and the 
selling price from 50L to 60Z 

The next improvement consisted in making the operation 
continuous. For this purpose a brick furnace was attached 



sometimes to one, and sometimes to two chambers, as shown 
in Fig. 4. In this the mixture of sulphur and nitre was 
burnt, the gases first passing into one, and afterwards 
being allowed to pass into the other chamber. One hundred 
parts by weight of sulphur was thus made to yield 200 
parts by weight of sulphuric acid, and to need fi.fteen per 
cent, of nitre. According to theory, 100 parts of sulphur 
can yield 306 parts of pure sulphuric acid, and it is now 
found possible to obtain by careful working no less thafi 
300 parts of acid, whilst only four parts of nitre are 
needed. From this you will see how accurately it is now 
possible to carry on the process. About the year 1814 jets 
of steam were throwp. into the chamber instead of water 
being placed on the fioor, and from that time forward 
the system of manufacture has undergone no essential 
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change, thongh many improvements in the working of the 
various parts have been made. On the preceding page yon 
have a drawing of the old form of sulphuric-acid chamber, 
"whilst in Fig. 5 you find a bird’s-eye view of a more 
modern sulphuric acid works. These leaden chambers, of 
which two are represented on the figure, are built of sheet 
lead (seven pounds to the square foot), soldered together by 
melting the edges of two adjacent sheets by means of the 
oxy-hydrogen blowpipe. The chambers are supported on 
a wooden framework, to which the leaden sheets are at- 
tached by straps of lead, and the whole is raised some ten 
or twelve feet from the ground by pillars of iron or brick- 
work. In general, the whole erection is protected from the 
weather by a roof, or at any rate by boards which serve to 
keep ofE most of the rain. The sulphur or sulphur ore is 
burnt in suitable ovens or kilns (aa), and the gaseous 
product is led, together with atmospheric air, into the 
chamber, whilst ferric oxide (Fe203) remains behind in the 
kiln. For the purpose of obtaining the nitrous fumes, 
which, as we have seen, are necessary for the process, 
a small stove {^), containing nitre and sulphuric acid, is 
placed in the central portion of the kiln. In this stove 
the nitre is decomposed, an alkaline sulphate being left 
behind, whilst the nitrous fumes evolved pass, together with 
the other gases, into the chamber. Jets of steam ai’e also 
blown into the chamber at various points from a boiler (c), 
and a thorough draft is maintained by connecting the end 
of the second chamber with a high chimney not shown in the 
drawing. The sulphuric acid as it forms falls on the floor 
of the chamber, and when the process is working properly 
it is continually drawn off as it attains a specific gravity of 
1 ‘55, or contains 64 per cent, of the pure acid, the 

rest, 36 per cent., being water. In order to obtain an acid 
stronger than this, further operations of concentration 
and rectification must be performed. The acid of the 
^bove strength, called chamber-acid, cannot be strengthened 
in the chambers themselves, because an acid stronger than 
this has the property of absorbing the red nitrous fumes, 
whilst the weaker acid does not do so, and the presence of 
such a strong acid would therefore effectually prevent the 
further working of the chambers. That this is the case I 
can readily show yon. Here I have some strong sulphuric 
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acid ; into this I will pass a current o£ these red nitrons 
fumes. You see that they are absorbed, but if, after 
allowing the nitrous fumes to pass in for a few minutes^ 



I now pour some water into this nitrated acid,” the red 
fumes are, as you see, evolved in quantity. Kemember. if 
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you please^ this experiment, as we shall need hereafter to 
make use of this property. 

Now I think we have got a clear idea of the general 
nature of the manufacture. Let us next pass to consider 
in detail the several parts of the process. First we will 
begin with the raw materials. Up to within the last 
thirty years all the sulphuric acid manufactured was 
made from sulphur imported into this country from Sicily, 
where you know it occurs in ihe native state amongst the 
volcanic deposits of which that island is the seat. The 
price of Sicilian sulphur up to the year 1838 varied from 
6L to SL per ton, but in that year the Kling of the Two 
Sicilies attempted to establish a monopoly, which had the 
effect of raising the price of sulphur to 20 L per ton. This 
senseless action, however, soon worked its own cure, for the 
manufacturers beginning to inquire about other and cheaper 
sources of sulphur, found that a sulphur ore known as 
pyrites, and consisting of bi-sulphide of iron (FeS^), and 
usually containing small quantities of sulphide of copper, 
could be obtained in large deposits in Ireland, Spain, and 
elsewhere, and that this, when burnt in kilns, yields sul- 
phur dioxide precisely as sulphur itself does, but at a far 
cheaper rate, as the mineral is abundant, and is obtained 
without much cost. 

Another great advantage possessed by this pyrites is that 
its use as an ore of sulphur establishes a new industry, viz. , 
the extraction of the three or four per cent, of copper which 
the burnt ore contains. This has now become an important 
trade, and when you learn that at least 500,000 tons of 
pyrites containing from three to five per cent, of copper is 
annually burnt in England, you will be able to appreciate 
the importance of this new source of copper. 

A sectional view of a series of three sulphuric-acid 
chambers is seen in Fig. 6. This likewise exhibits the 
construction of the pyrites kilns; whilst in Fig. 7 the 
detailed arrangement of such a burner is seen. The pyrites 
burns when it is once kindled by throwing the stone into 
a kiln previously heated to redness, and a second charge 
is brought into the furnace and ignited whilst the first is 
still hot, so that a constant supply of sulphurous acid to 
the chamber is kept up by charging the burners in 
regular order. The ordinary charge of pyrites is about five 
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acid ; into this I will pass a current o£ these red nitrons 
fumes. You see that they are absorbed, but if, after 
allowing the nitrous fumes to pass in for a few minutes^ 



I now pour some water into this nitrated acid,” the red 
fumes are, as you see, evolved in quantity. Kemember. if 
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to six liundredweiglit for each burner ; the pyrites contains 
usually about 48 per cent, of sulphur, and the charge is 



out in twenty-four hours. In order to ignite a fresh 
toln, the kiln is heated to redness by ordinary fuel, and 
the charge of “stone” thrown in. The following table 



I no-w pour some water into this “ nitrated ^id, the red 
fumes are, as you see, evolved in quantity. Remember, if 
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below, and the nitric acid fumes wbicb are evolved pass 
into a cast-iron pipe, wbicli discharges its contents into the 
long horizontal flue-i^arrying the products from the pyrites 
burners into the chamber. 

Here I may digress for a moment to remind you that the 
enormous demands of the English sulphuric acid manufac- 
ture has introduced industry and wealth into an arid dis- 
trict in South America. In the painless district of Atacama, 
in Peru, a deposit of a white salt was discovered some years 
ago, extending over an area of more than 200 square miles, 
and of an average depth of several feet. This turned out to 
consist chiefly of nitrate of soda, and it could be brought to 
England at a cost of less than one-half of that of the 
ordinary saltpetre or nitrate of potash. Many thousands 
of tons of this material are now annually shipped from the 
South Peruvian ports, and the greater part of this finds 
its way into the nitre-pots of the English sulphuric acid 
works. 

The existence of this comparatively new source of nitre 
has given a fresh impulse to the manufacture of sulphuric 
acid, rendering it independent of the high and varying price 
of nitrate of potash. 

Before entering the chambers, the mixture of sulphur 
dioxide, nitrous fumes, and air passes up a tower about forty- 
five feet high, having an outside covering of strong sheet lead, 
but lined inside with fire-brick, and having about fifteen feet 
of its lower part filled up with pieces of flint. This tower is 
closed at top and bottom, and the gases passing in by a 
side flue near the bottom, issue by another side-flue near the 
top of the tower. Above the closed top of the tower are 
placed two reservoirs made of lead. One of these contains 
strong sulphuric acid, which has been saturated with nitrous 
fumes at a subsequent part of the process, whilst the other 
is filled with a dilute- or chamber-acid, as it is termed, 
because it is that which is drawn off the floor of the 
ch^pabers. By a very ingenious contrivance, given volumes 
of the strong nitrated acid and the weak chamber-acid are 
allowed to flow separately from these reservoirs down the 
tower. Here the two acids meet, and the strong acid, 
being thus diluted, gives up the nitrous fumes which it 
formerly held in solution, and these are carried away with 
the current of gases into the chamber. The downward 
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flow of acid acts in other respects beneficially. It cools 
the gases, which come almost red-hot from the pyrites burn- 
ers, and would melt the lead of the chambers if not cooled. 
In this way a large quantity of water contained in the 
dilute acid is evaporated, and goes into the chamber in 
the form of steam, whilst the acid which falls to the 
bottom of the tower has become concentrated, and therefore 
more valuable. These den^trating towers are frequently 
termed Glover’s towers,’' from the name of their in- 
ventor ; their use constitutes a very great step in the 
manufacture, but to be effective they must be employed in 
conjunction with another tower placed at the end of the 
last chamber, and called the Gay-Lussac tower, the mode of 
working of which I will explain to you shortly. 

Entering the first chamber (for usually two or three cham- 
bers are worked in succession) at a height of eight, ten, or 
even fifteen feet from the floor, and having a temperature of 
about 75°, the mixed gases ’ meet with jets of steam intro- 
duced at different parts of the chambers. In this first cham- 
ber the largest quantity of sulphuric acid is deposited, falling 
in drops on to the floor of the chamber, where it collects. 
In order to test the working of the chambers, a tray of lead, 
having an area of one square foot, and shown at (/), Eig. 5, 
is placed in a slanting position inside, but near one of 
the sides of the chamber, and a pipe is led from this 
to the outside. The acid as it falls on this tray runs 
out by the pipe, and thus the yield of one square foot 
of the chamber is measured. Several of these gauges, 
placed in different parts of the chamber, give the 
average production. Passing through the first chamber, 
which is often 90 or 100 feet long by 20 to 25 feet in 
breadth and 16 to 17 feet in height^ and has therefore a 
capacity of somewhere about 40,000 cubic feet, the gases, 
which have by no means deposited all their acid, pass 
through a wide flue into the second chamber, where they 
again meet with steam, and having traversed this, p^^ss 
again into the third, or exhaust, chamber, of the same size 
as the other two. Here, if the process is properly worked, 
all the sulphur dioxide is converted into sulphuric acid, so 
that the gases issuing from this chamber ought to contain 
no sulphur dioxide, but only air, aqueous vapour, and red 
nitrous fumes. In order now to prevent the escape of these 
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noxious and acrid red fumes into tlie air, and to enable the 
manufacturer to use them again^ ttie Gay-Lussac tower is 
employed. THs is built at tbe end of the third chamber, 
and is placed in contact with this on the one hand and 
with the chimney on the other, so that all acid fumes, before 
they can he discharged into the air by the chimney, must 
pass through the Gay-Lussac. It consists, like the Glover, 
of a square tower, fifty feet higji, made of strong lead, fixed 
of course, on to a firm wooden frame, lined for thirty-five 
feet with glazed fire tiles two inches thick, and filled with 
hard coke. The exit gases from the third chamber are 
drawn in at the bottom of this coke column, and escape 
to the chimney by a flue at the top of the column. At the 
top of this tower there is a reservoir filled with strong acid, 
of specific gravity 1*75, obtained by concentrating the 
chamber acid. By means of an arrangement identical to 
that in the Glover’s tower, a constant stream of this strong 
acid is allowed to flow down the tower, and thus trickling 
over the coke, meets the exhaust gases. The strong acid at 
once absorbs the nitrous fumes, which would otherwise pass 
up the chimney, and having become thus saturated with 
nitrous fumes, runs away into a reservoir, whence this 
nitrated acid is pumped up to the reservoir on the top of the 
Glover’s tower, for use, there, in the way I have already 
described. The saving in nitre which this procedure enables 
the manufacturer to jnake is very large. In works where 
the Glover and Gay-Lussac towers are not used no less than 
from twelve to fourteen parts of Chili saltpetre are needed 
for every hundred parts of sulphur burnt, whereas when 
these means are employed the percentage of nitre is reduced 
to below five. hTot only is this economy to the manufac- 
turer, but it is a great benefit to his neighbour, for if 
properly managed scarcely a trace of either nitrous or 
sulphurous fumes ought to escape, and I shall be glad to see 
the day arrive when sulphuric acid works, without exception, 
arg required to adopt these precautions. 

The question naturally suggests itself to our minds as 
we study this subject, What do we know of the interior 
working of the chambers What size of chamber is most 
efficacious ? In what part of the chamber does most of 
the acid condense What is the temperature of the gases 
which conduces to the largest yield? To these and many 
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more similar questions I am afraid we must at present be 
content with, very general and unsatisfactory replies. One 
authority, the late Mr. Henry A. Smith, tells us that 
almost all the sulphuric acid is formed within three feet of 
the bottom of the chamber, whereas the very elaborate ex- 
periments of Mr. H. W. Deacon of Widnes seem to prove 
the exact opposite, inasmuch as he shows that no less than 
7y per cent, of the total make of the chamber is yielded 
by the upper three or four feet out of a total height of 
twenty feet, the chamber being eighty-seven feet long and 
thirty feet wide. Then again the size of chamber best 
adapted for the manufacture is as yet undecided, as also, 
whether one, two, or three chambers should be worked in 
series. Again, the question of temperature is one about 
which the opinions of manufacturers differ, some believing 
that the higher the temperature of the gases is kept, the 
greater is the yield of acid, the only limiting condition being 
the solvent action of the gases on the lead, whilst others 
affirm that the yield of acid is always greater in winter 
than in summer, and that therefore the cooler you keep your 
chambers the more acid will you get. 

From what I have said you will see that it is not possible 
to carry out the continuous process of acid making in the 
chambers beyond the point at which the acid attains a 
strength of specific gravity 1*55. When this strength is 
reached the acid is allowed to flow away from the chamber. 
But this acid is not strong enough for most of the purposes 
for which sulphuric acid is required. In order to obtain 
a stronger acid, either the arrangement of the Glover’s 
towers, as I have described, must be used, or the chamber- 
acid must be concentrated in leaden pans over or under 
which a flame and heated air from a furnace play. The 
acid being much less volatile than the water, this latter 
passes away in the form of steam, and the strong acid 
remains. By this means the acid can be concentrated 
until it attains a specific gravity of 1*72, or contains 78 
per cent, of the real acid. Beyond this degree of Con- 
centration the hot acid begins rapidly to attack the lead of 
the pans, and it therefore cannot be further evaporated. 
Even then all concentrated sulphuric acid contains lead in 
solution, as I can easily show you by pouring some of this 
clear transparent strong acid into a glass of water ; you see 
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that the dilute acid which I have thus prepared is now 
turbid, and this is caused by the separation of insoluble 
sulphate of lead, which was held in solution, and was 
therefore invisible in the strong acid. 

The hot acid is then run off from the concentrating pans 
into a leaden trough stirrounded by cold water, whence it 
passes into reservoirs or carboys. In this form the acid is 
technically known as or brown oil of vitriol, as 

it is always slightly coloured from the presence of traces of 
organic matter. In this condition it is very largely sold 
for a great variety of purposes. 

In order to concentrate the acid still further, and to drive 
off all the water which it contains, the concentrated oil of 
vitriol must be heated in vessels of either glass or platinum, 
substances which are not attacked by hot sulphuric acid of 
any degree of strength. In England glass vessels are most 
usually employed, whilst on the Continent platinum rectify- 
ing plant is more common. The glass vessels or retorts in 
which the acid is rectified are large, well-annealed, and 
evenly-blown vessels, capable of holding twenty gallons of 
the acid. Each retort is placed on an iron sand-bath, under 
which is a fire, so arranged, however, that the flame does 
not touch the retort. The acid having been heated in these 
retorts until all the water is driven off, is allowed to cool, 
and then drawn off into carboys. This is termed rectified 
acid, A very beautiful and quite novel arrangement for 
rectifying oil of vitriol in platinum is exhibited by Messrs. 
J ohnson, Matthey,, & Co. By means of this arrangement all 
evaporation of the acid in leaden pans is avoided, and thus 
the operation is not only cheapened, but the acid obtained is 
nearly free from lead. The new arrangement consists of 
two pans made of corrugated plates of platinum, and heated 
by a fire ; at one end of these the chamber acid is allowed 
to run in a thin stream, whilst at the other a continuous 
stream of concentrated acid is obtained. Eor the purpose 
of completing the rectification the acid flows into a retort 
ah > of platinum having a corrugated surface, and then the 
perfectly strong acid rxms out through a platinum worm 
into the glass carboy in which it is sent to market. 

We may next ask. Is the usual working of the chambers 
in England as good as it can be ^ In answer to this I may 
reply that as a general rule a yield of 290 parts of pux'e 
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acid from 100 of sulphur is practically considered about 
the proper production, so that, taking the theoretical yield 
to be 306 parts, the average loss would be about five per cent, 
of sulphur. In cases where special precautions are taken, 
the yield reaches 297 parts, but not unfrequently, I am 
afraid, much less careful working is observed, and large 
escapes of sulphurous fumes then occur. Thus in his Eighth 
Annual Eeport (1871) Dr. E. Angus Smith, the well-known 
chief government inspector* of alkali-works, gives (p. 17) 
a table, showing the total escape of sulphur acids (calcu- 
lated as sulphuric acid) from twenty-three chemical works. 
Erom this it appears that whilst from some of the works 
no escape of these acids occurs, the average loss of sulphur 
in the twenty-three works in question is 7*606 per cent, on 
the total quantity burnt, and that the loss in the case of 
four works actually rises to more than 20 per cent., in one 
case amounting to an escape of 159 lbs. of sulphuric acid 
every hour. Facts like these,” says the inspector, 
dispose of the argument often used by the manufacturers, 
that they require the acid, and that it is to their interest 
to keep it, and of course condense it to the best of their 
power. Indeed certain makers are fully aware that they 
are allowing sulphuric acid to escape in large quantities, 
but their reply is that it is cheaper to permit a large 
escape, and work rapidly, rather than have large chambers, 
and condense the whole of their gases.” Hence there can 
be no two opinions as to the desirableness of compelling 
such makers to work properly, and an extension of the 
Alkali Act (which now, so far as a definite limit is concerned, 
only applies to hydrochloric acid) to the sulphur acids seems 
to be imperatively called for in the interests of the nation. 

Through the kindness of several eminent manufacturers 
I am able to give a practical test of the performance of the 
process in different works in England and on the Continent. 
Thus Messrs. Gaskell, Deacon, and Co. of Widnes find as 
a result of eighteen months' work, including stoppages, &c., 
during that time, that one cubic metre of chamber sp^e 
takes 5*74 kilos of sulphur per week, producing 15*98 
kilos of strong sulphuric acid (H 2 SO 4 ). It is to be re- 
membered, however, that if the working is measured only 
for one day, when all is in good order, this number would 
be materially raised- At the works of Messrs. Muspratt 
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at Liverpool one cubic metre of chamber uses 5*25 kilos 
of sulphur per week, and at a second works of the same 
firm at Widnes, 6*3 kilos are used for the same space, and 
a production of 290 parts of strong acid for every 100 of 
sulphur burnt is their average. On the Tyne the numbers 
are similar, and at the Washington Works, on the Wear, 
the average of ten years’ work shows that 100 parts of 
sulphur yielded 292 parts of strong acid, whilst the average 
quantity of nitrate of soda ifbeded is 5*5 for every 100 
of sulphur received. 

In the Hheinau Works, near Mannheim, in Germany, one 
cubic metre chamber space takes 3*88 kilos of sulphur per 
week, giving 11*40 kilos of II 2 SO 4 , so that 100 of sulphur 
yield 294 of strong acid, and 6*5 parts by weight of nitrate 
of soda and 210 parts by weight of steam, are needed to 
complete the decomposition. 

In order to convert 100 parts of sulphur into sulphuric 
acid, about 210 parts of water in the form of steam are 
needed. This steam is costly in its production, and 
Dr. Sprengel has recently proposed to reduce this item of 
expenditure by employing a jet of water in the form of 
spray, or in a state of very minute division. 

None of these processes, you will see, yield us chemically 
pure acid. For this purpose the acid must be distilled to 
get rid of the arsenic, lead, and other non-volatile matter 
which the rectified acid contains. Even then the acid is not 
perfectly pure, as it contains water. This cannot be got rid of 
by distillation, but if we cool the distilled liquid, the pure acid, 
containing 100 per cent, of BL 2 S 04 , can be crystallised out. 

In some works, both here and on the Continent, sulphuric 
acid made from pyrites is freed from the arsenic contained 
in it by being brought into contact with sulphuretted 
hydrogen. The arsenic is separated as the trisulphide 
which settles out from the acid. To effect this the sul- 
phuric acid, before concentration, is made to flow in divided 
streams down a tower of lead five feet square and fifteen 
feet high, the fall of the acid being retarded by a large 
number of bars of wood covered with lead, which stretch 
horizontally across the tower. A. current of sulphuretted 
hydrogen gas, generated, as in the laboratory, by the action 
of sulphuric acid on ferrous sulphide, passes up the tower, 
and thus meets the acid in its descent. 
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From wkat I have said, you will understand that in 
a manufacture like that of sulphuric acid, where enormous 
volumes of acid and deleterious gases have to be dealt with, 
it is only by the careful application of scientific principles 
that the process can be economically carried on, and carried 
on so as not to be a nuisance to the neighbourhood. In all 
the works which are scientifically conducted we not only 
find the Glover and Gay-Lussac towers in proper action, 
but we observe that the meShager keeps a daily record of 
the work of his chambers ; he ascertains moreover the 
proportion of air and sulphur diomde which enter his first 
chamber, and the ratio of sulphur dioxide and nitrous fumes 
which leave his last chamber, and thus he keep'fe a complete 
Fold over his process, and can tell at any moment when 
anything goes wrong. The scientific vitriol manufacturer 
too is a blessing instead of a curse to the district in which 
his works are situated. The escape of noxious vapours from 
a properly-managed sulphuric acid plant is inappreciable, 
whilst the manufacture creates a demand for labour, and 
becomes a source of income to hundreds of families. All 
the more reason is there, then, that careless or ignorant 
persons engaged in this trade should be compelled to adopt 
the best and most perfect scientific methods of manu- 
facture, and that the wasteful escapes of noxious vapours, 
even too common at the present day, should be altogethej' 
prevented. 
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LECTTIEE II. 

OiT THE ALKALI MANTJFACTUEE . 

The Mstoiy of the manufactui'e of carbonate of soda, or 
soda-ash, from common salt is one of peculiar interest, and 
I therefore need make no apology for bringing before you 
the chief facts respecting the origin and growth of this im- 
portant branch of chemical industry. 

Prewous to the year 1793 the whole of the carbonate of 
soda of commerce was obtained from the ashes of sea-plants 
or kelp, collected on the north-west coasts of Spain, Prance, 
Ireland, and Scotland. The quantity however of alkali thus 
obtained from sea-plants was much less than that which 
came to Western Europe from Russia and America in the 
form of potashes, the characteristic alkali of land-plants. 

One of the first effects of the French Revolution was to 
cut off this supply of alkali from France, and therefore to 
diminish many important manufactures, such as the soap 
trade, which are dependent upon its use. Under these 
circumstances the Government of the day issued an appeal 
to the French chemists urging the importance of obtaining 
all the materials deposited in their own country by nature, 
‘‘so as to render vain the efforts and hatred of despots ; 
and commanding all citizens who “ have commenced estab- 
lishments or who have obtained patents for the manufac- 
ture of soda from common salt, to make known to the 
Convention the locality of these establishments, the quantity 
of soda supplied by them, and the quantity they can here- 
after supply.'" A commission was appointed to investigate 
this subject; and in 1794 they reported on thirteen different 
processes for the manufacture of soda-ash from common salt, 
the particulars of which had been submitted to them. The 
preference was given to the operations devised by an apothe- 
cary of the name of Leblanc, who had already erected a soda 
manufactory near Paris, which had been at work some time 
previously. 
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The report gives a full description o£ the various processes 
which constituted Leblanc’s invention j these consisted of 

(1) The decomposition of the common salt (liTaCl) by 

means of snlphniic acid and the consequent pro- 

duction of sulphate of soda (Na^S 04 ); with evolution of 
hydrochloric acid gas (HCl) ; 

(2) The decomposition of the sulphate of soda or salt- 
cake (N'a 2 S 04 ), by means of chalk and coal, and the con- 
sequent production of blackVash, consisting essentially of a 
mixtui-e of soluble carbonate of soda (IN’aaCOg), and insoluble 
calcium monosulphide (CaB); 

(3) The separation of the constituents of the last product 
by lixiviation with water and the preparation bf the soluble 
carbonate of soda. 

This process elaborated by Leblanc before the time of the 
Lrench He volution is in fact that which is now employed 
in all the alkali-works in the world without having under- 
gone any material alteration. The commissionei's say in 
their report : — Citizens Leblanc, Diz6, and Sh4e were 
the jSu'st who submitted to us particulars of their process, 
and this was done with a noble devotion to the public 
good. Their establishment had been formed some time 
previously at Franciade ; but the consequences of the 
French Hevolution and of the war which followed having 
depiived them of funds, the works were suspended, and for 
some months past the manufactory has become a national 
establishment and was successfully at work in the year 
1794.” The operations however did not proceed satisfac- 
torily, the quantity of soda turned out was smaller than 
had been expected, the operations were discontinued, and 
Leblanc and his partners applied for and received assistance 
from the English Government. It is sad to have to relate 
that the man who thus originated a world-wide industry did 
not benefit from his discoveries, but died in a French 
asylum for paupers. 

The establishment of numerous alkali-works in France 
was the natural result of this discovery ; many of th^se 
were situated at Marseilles, the seat of the French soap 
trade, and conveniently placed for obtaining three of the 
necessary raw materials : (1) Bulphtu*, imported from 

Sicily y (2) salt, obtained by the evaporation of salt-water 
by the sun’s heat ; (3) limestone. It had however the 

■v* . 9 
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clisadTantage o£ being at a distance from the fourth 
necessary raw material, viz., coal. 

Althongh the process for making alkali was published in 
the Annales de Ghimie for the year 1797, it is remarkable 
that some years elapsed before this process was taken up 
in England. This may be partly accounted for by the fact 
that as war was then raging, commimication between the 
two countries was almost entirely cut off, but perhaps 
especially because of the hi^ war-duty on salt which 
existed up to the year 1823. 

In the year 1819 Mr. Charles Tennant, of Glasgow, 
erected sulphuric acid chambers in that city for the 
purpose of decomposing salt and manufacturing soda on 
Leblanc’s process, and in the year 1821 Mr. Losh, of 
ISTewcastle, erected works at Walker on the Tyne for the 
manufacture of soda crystals, which were then obtained 
from kelp and sold at 60^. per ton. Mr. Losh made use 
of a weak brine-spring for the purpose of obtaining his 
salt, having been permitted to employ this free from salt- 
duty, but the extent of his works was naturally limited 
by the use of this brine instead of the solid salt. At 
this time the price of sulphur was 11. per ton, the duty 
being remitted ; and the coist of nitrate of potash was 32?. 
per ton ; the continuous sulphuric acid process, which, as 
I mentioned in my previous lecture, had been devised by 
Chaptal, being at this time employed. 

The year 1823 may really be considered the one in which 
the alkali trade began, inasmuch as in that year, the duty 
having been taken off salt, Mr. James Muspratt commenced 
the erection of works at Liverpool, at once adopting Leblanc’s 
process. 

Another discovery of enormous commercial importance 
was that of the bleaching action of chlorine by Scheele 
in 1774, and the subsequent application by Berthollet 
of the bleaching action of the hypochlorites of potash 
and lime. In 1787 Professor Copeland of Aberdeen brought 
over Berthollet’s process to Scotland, and in concert with 
the Duke of Gordon commenced works in Aberdeen 
for the manufactui'e of chlorine in large Woulff’s bottles, 
and applied the process successfully to bleaching calicoes. 

IJp to this time the bleaching of all the cotton goods 
made in Lancashire was effected by exposure to sunlight 



TEGHNICAL CHEMISTRY, 


325 


and air^ nearly all tlie clotli being sent to Holland or 
Germany for tbis pnipose, where it remained for the 
summer, and was brought back for sale in the winter. 
In the year 1789 a large establishment for bleaching by 
chlorine was erected near Bolton in Lancashire, and lime 
was very soon employed in place of Berthollet’s hypo- 
chlorite of potash, or eau de JaveUes ; and in 1799 Mr. 
Tennant obtained a patent rfor the manufacture of chloride 
of lime in dry powder. In 1798 an Act was passed to 
permit a drawback of the duty on salt consumed in making 
hydrochloric acid necessary for the production of chlorine 
for bleaching purposes. It was required, however, that 
the residue of sulphate of soda should be thrown away, 
thus effectually preventing its application to the manu- 
facture of soda ; this restriction was not done away with 
till the year 1814. It is singular to hnd that, although 
the hydrochloric acid evolved in the first part of Leblanc’s 
process was needed for, and had been already applied to 
the manufacture of chloride of lime, the early alkali- 
makers did not see the necessity of incorporating the 
manufacture of this bleaching compound with that of 
their alkali, but on the contrary allowed the whole of 
their hydrochloric acid to pass into the chimney without 
any attempt at condensation. 

The quantity of this acid gas which was evolved from 
Mr. Muspratt’s chimneys at Liverpool became so large 
that he was proceeded against by the corporation of that 
town as causing a nuisance ; and he was compelled to 
remove his works from Liverpool to iSTewton. 

The effectual remedy for this evil was found by Mr. 
William Gossage in the year 1836. He passed the hydro- 
chloric acid gas up condensing towers, filled with coke or 
broken bricks, down which a current of water passed. By 
this means a perfect condensation of hydrochloric acid is 
effected ; for, as you are all aware, this gas dissolves in 
water in very large quantities, and so completely is afehis 
solution effected that the escaping gases when passed 
through nitrate of silver frequently show no trace of hydro- 
chloric acid. So completely can this be carried out that 
an Act was passed in the year 1863 compelling manu- 
facturers to condense within 5 per cent, of the total amoimt 
of hydrochloric acid they evolve; whilst the second Act, 
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of 1874, further declared that no alkali- works shall emit 
hydrochloric acid gas of such strength as to contain more 
than 0*2 grain (one-fifth of a grain) in every cubic foot. So 
that the alkali-maker is now compelled not only to condense 
95 per cent, at least of all the hydrochloric acid he makes, 
but he is not allowed to emit that 5 per cent, unless it 
shall be so diluted with air or other harmless gases that 
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one cubic foot of the emanating gas contains less than one 
fifth of a grain of hydrochloric acid. 

We will now proceed to consider the various parts of 
Leblanc's process, and discuss the chemical changes which 
here occur. 

1. The Salt-caJce Process . — This process is usually com- 
menced in large cast-iron pots, and completed in rever- 
beratory furnaces or roasters. Ligs. 8 and 9 show the coii- 
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struction of one of the forms of salt-cake furnace in use. It 
consists of the large covered iron pan (a) Fig, 9 placed in 
the centre of the furnace and heated by a fire placed undei*- 
neath, and two roasters (dd) placed one at each end, on the 
hearths of which the salt is completely decomposed. 

The charge consists of 1 6 cwt. of common salt, which is 
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placed in tlie iron pan, and on to tMs is run the quantity 
of sulphuric acid necessary completely to decompose it. 
This amounts to 123 '5 gallons, or 1800 lbs. of chamber-acid 
having a specific gravity of 1*42. Torrents of hydrochloric 
acid are then given off, the decomposition which takes 
place being represented by the equation — 

H,SO^ + NaCl = HISTaSO^ + HCL 
This process lasts about; one hour, and the temperature 
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of the mass rises to about 120°Fahr. All the hydrochloric 
acid which is thus evolved passes directly from the pan oy 
means of the flue (e) Fig. 8 into the hydrochloric acid con- 
densing towers (Fig. 10). These towers are often 50 or 60 
feet in height, and are usually built of Yorkshire flag 
clamped together with iron, the joints being rendered gas- 
tight by a cord of vulcanized rubber. 
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The acid vapours enter the tower (b) at (a) ; and in 
passing np this tower, which is either filled with piled 
bricks or with hard coke, they meet with a descending 
current o£ water supplied from the cistern (f). The strongly 
acid liquors flow away by a pipe at the bottom of the tower 
(b), and are stored by the mannfactnrer for subsequent use. 
Any hydrochloric acid vapours unabsorbed in the tower 
(b) pass down the brick tunnel (c) into the second tower, 
which they again ascend and meet another current of 
falling water. When the vapours reach the top of this 
tower they ought to be perfectly free from hydrochloric 
acid gas, a^d are then allowed to pass away into the 
chimney (b). 

After the mixture has been heated for about an hour 
in the salt-cake pan and has become solid, it is raked through 
the doors (a a) Fig. 8 on to the hearth of one of the fur- 
naces or roasters at each side of the decomposing pan. 
Here the hot air and flame from the fir© at the end complete 
the decomposition into sodium sulphate and hydrochloric 
acid, as expressed by the following equation : — 

NaHS 04 + NaCl = Na^SO^ + HCl. 

The acid vapours from the pans usually go into condensers 
by themselves, those from the roasters or salt-cake furnaces 
going into other condensers. The acid liquor obtained in 
the latter case is weak, because large quantities of water 
are needed to cool the heated air which passes along with 
the hydrochloric acid gas into the towers. As soon as the 
decomposition is complete the salt-cake (Na^SO^) is with- 
drawn from the furnace and kept for the subsequent pro- 
cess. Ten of the above charges are usually drawn in one 
day, so that eight tons of salt and about the same weight 
of oil of vitriol are used, whilst rather less than five tons of 
gaseous hydrochloric acid and nearly twenty tons of salt- 
cake are formed. 

cBCere you have a complete analysis of commercial salt- 
cake, from which you will see that it contains about 3*5 
per cent, of impurity. 
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COMPOSITION OF SALT-CAKE. 


Sodium sxilpliate, NagSO^^ 
Calcium sulphate, CaSO^ .. 
Sulphuric acid, HaSO^^ 
Sodium chloride, NaCl 
Ferric oxide, FesO^ 

■Water, H2O 
Insoluble matters ... 

Loss ... 


96T50 

0*923 

0-616 

1*345 

0*191 

0*187 

0*130 

0*093 


100*000 


The furnaces such as I have described ar^ termed open 
roasters, in opposition to the second kind of salt-cake furnace 
to which the name of close roasters is given. In the first kind 
the hot air and fiames from the fire pass over the salt-cake, 
and the products of combustion pass along with the acid 
vapours into the condenser. Hence by this mode of work- 
ing, a part of the condensed acid is rendered both weak 
and impure, and much annoyance is caused by the con- 
densers becoming choked with soot and dust from the fires. 
For this reason the second method is employed in many 
works. The pan is built at the side of the roaster instead 
of being placed in the centre, and the acid from the first 
part of the decomposition being concentrated and unmixed 
with air, passes into a condenser where a saturated or fuming 
aqueous hydrochloric acid is prepared, whilst the gases from 
the roaster are separated from the products of combustion 
by enclosing the hearth of the furnace by a jStre-brick arch, 
between which and the top of the furnace the flames and 
hot air from the fire pass. So that the salt-cake on the 
hearth is placed in a kind of brick chamber or muffle, being 
heated from the hearth under which the fire passes and by 
radiation from the hot arch. Thus no soot or dirt from 
the fire can be carried into the condensers, and these do not 
become clogged or choked, and thus a perfect condensation 
is rendered possible. 

Unfortunately these advarttages are not wholly unaccom- 
panied by drawbacks, which if not important for the manu- 
facturer, are at least serious to his neighbours. The arch 
separating the roaster-hearth from the fire gases cannot in 
practice be kept gas-tight. It is continually cracking from 
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■anecjual expansion, and as soon as a crack occurs, tlie Hydro- 
chloric acid gas is pulled or drawn by the draft of the 
chimney through that crack, and then passes up the chimney, 
where the pressure is somewhat less than that of the atmo- 
sphere, and is delivered into the air, rather than through the 
condensers, where the pressure is somewhat greater than the 
atmosphere. This is a fertile source of annoyance in the 
neighbourhood of alkali-works,^ and one which it is difficult 



Fig 11 


for the inspector to calculate for. Several suggestions have 
been made with the view of obviating this difficulty in the 
vL&e of the closed roasters. 

One of the most feasible and ingenious of the proposed 
schemes is that patented by the late Mr. Deacon, of Widnes. 
You see in the drawing that the fireplace is built contiguous 
to, but several feet below the brick chamber or muffle 
in which the acid gas is evolved. It follows from this 
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difference of level that there is a column of heated gases 
several feet in height immediately over the fire-bars, and 
the upward movement of this heated and rarefied air 
receives a check in going round the mufile; so that the 
ordinary state of things is reversed, and the pressure in 
the fine round the muffle is greater than that in the interior 
of the muffle, thus altogether preventing any chance of 
escape of the acid vapours fr^m the muffle to the chimney, 
though allowing some of the gaseous products of combus- 
tion to pass through the unavoidable cracks into the interior 
of the muffle, but in such small quantity that they do not 
interfere at all with the working of the proc^««5. I have 
little doubt that before long either this or some similar 
salt-cake furnace will come into general use. 

"We owe another valuable and quite recent improvement 
in the salt-cake process to Messi*s. Jones and Walsh of 
Middlesborough. This consists in a mechanical arrangement 
by which all hand labour is dispensed with, and by which 
the whole operation, from the mixing of the materials to the 
production of the finished dry salt-cake, is caxried on in one 
large pan. 

A third proposal made by Messrs. Cammack and Walker 
seems to me to be based upon a more scientific view of the 
decomposition than any of the former plans. When large 
masses of salt and sulphuric acid are brought together, the 
reaction — as you see when I pour this bottle full of acid on 
to the salt contained in this flask — is at first very violent, 
and torrents of hydrochloric acid gas are evolved. The 
action however soon moderates, as you notice. During the 
first twenty minutes the main quantity of acid has come off 
from the salt-cake pan, and during the remaining thi*ee 
hours needed to complete the reaction, probably only a 
small quantity of gas enters the condensers. So that for 
twenty minutes the condensers have more work than they can 
properly do, whilst after that time they are imderworked. 
Messrs. Cammack and Walker’s plan seeks to obviate th^«<^ 
inconveniences of all the old processes by sending in at one 
end of the heated space in which the reaction occurs a con- 
stant stream of salt and acid mixed in the right proportions, 
and drawing off at the other end the finished salt-cake. Thus 
a never increasing and never decreasing stream of hydro- 
chloric acid gas is sent into the condensers, and a constant 
supply of the solid product is furnished. In this way the 
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reaction can be most completely kept nnder control, and all 
irregularities and, therefore, chances of escape of acid vapours 
rigidly prevented. How far this proposal can be practically 
carried out remains I believe yet to be ascertained, but I am 
sure we must all wish success to the ingenious inventors of 
what I may truly say is the most scientifically correct proposal 
yet made for the manufacture of salt-cake from sulphuric 
acid and common salh 

I daresay you may be interested to learn the principles 
upon which the Government Inspectors of alkali-works 
determine the question as to whether a given manufacturer 
of salt-cak^ is complying with the Acts passed for the pin- 
vention of the pollution of the air, and the destruction to 
property which takes place when hydrochloric acid gas is not 
properly condensed. I can, however, only indicate the 
methods adopted, and for particulars on this, and many 
kindred subjects of great interest, I must refer you to the 
valuable series of annual reports issued by Dr. H. Angus 
Smith. 

The inspector has to ascertain whether the manufacturer 
is working in compliance with the Acts — that is ( 1 ) whether 
he is sending out less than 5 per cent, of his total make of 
hydrochloric acid ; and (2) whether the go.seous products 
passing out into the air contain more than one-fifth of a gi’ain 
of hydrochloric acid per cubic foot. For the purpose of 
settling the first of these points, he may determine the 
proportion between the amount of acid gas contained in 
one cubic foot of the gases passing into the condenser, and 
that contained in the same bulk of gases leaving the condenser, 
and thus get to know how many parts of acid escape for 
every 100 which are made. The inspector may also ascer- 
tain the absolute amount of hydrochloric acid gas which 
passes up the chimney, and then compare this with the 
total quantity which the manufacturer evolves, calculated 
from the total weight of salt which he decomposes. 

^The method by which the quantity of hydrochloric acid 
contained in a cubic foot of chimney gases can be ascer- 
tained is very simple. We only need to draw a slow 
current of the gases by means of an aspirator through 
three bottles containing water, placed one after the other. 
As soon as one cubic foot of water has flowed out of the 
aspirator, we know that one cubic foot of chimney gases 
has passed through our bottles. The whole of the^hydi'O- 
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chloric acid contained in this volume has been absorbed by 
the water, and -we now only need to precipitate with silver 
nitrate and estimate the chloride of silver in order to learn 
liow much acid there is in each cubic foot of chimney gases. 
This, multiplied by the number of cubic feet passing up 
the chimney in any given time, as ascertained by the 
very ingenious anemometer devised by Mr. A. E. Eletcher, 
one of the inspectors under the Act, gives the total amount 
of escaping hydrochloric acid’^n that particular time. 

Before leaving the salt-cake process, I must refer to a 
new and very interesting mode of preparing this substance 
by a process diflering from that of Leblanc, which from the 
name of the inventor is termed the Hargreaves iprocess. The 
object of this is to manufacture salt-cake directly from salt, 
sulphur dioxide (sulphuinus acid) and water, so as altogether 
to do away with the manufacture of sulphuric acid. It 
depends upon the principle, that although sulphurous acid 
cannot by itself decompose salt, it is able to do so in the 
presence of air, or rather of oxygen, and of vapour of water, 
if time enough be allowed. 

In order to effect this decomposition, a series of 
large kilns or stoves are built of brick, so arranged that 
each kiln can be put into communication with its neighbour, 
and each heated by a fire. Each kiln is then filled with 
dried and porous salt (ISTaCl), and the gases from the pyrites 
burners led directly into these kilns one after the other. 
By careful attention to temperature and to the quantity of 
air and steam admitted with the sulphur dioxide, it is possible 
in this way to decompose the salt as completely into 
sulphate of soda (salt-cake) as when heated by the old process 
with sulphuric acid. The chemical reaction, I need scarcely 
say, is just the same in both cases, thus : — 

2 HaCl + SO 2 4- O -h H^O - Ha^SO^ 4- 2HC1. 

Hydrochloric acid gas is given off from the Hargreaves 
kilns as from the ordinary salt-cake pan 01 * roaster, and 
must in like manner be passed into the condensers. 

2. The JBlac7c~ash Process . — I must now ask you to accom- 
pany me through the second portion of Leblanc's system, 
the so-called Black ash process. 

The theory of this process is a simple one, so far as 
he chief products are concerned, but it is complicated 



334 


LECTURES TO SGIENGE TEACHERS. 


wliexi we come to consider tlie mode o£ formation of tlie 
many distinct compounds whicli make tkeir appearance in 
the course of the reaction. I can here only attempt to give 
an explanation of the chief features of the case. 

The fii*st chemical change which the salt-cake (Na^jSO^) 
undergoes in its passage to carbonate of soda is the reduc- 
tion to sodium sulphide (IsTa^S), by heating it with slack, or 
powdered coal ; thus : — 

NaoSO^ 4 - = Na^S 4- 4CO. 

The second change which occurs is the conversion of the 
sodium sulphide into sodium carbonate (carbonate of soda), 
by heating ft with chalk or limestone (calcium carbonate). 
The reaction which then takes place is represented by the 
equation — 

m.S -h CaCOg = 1 :: Na.COg + CaS. 



Fi<5. 12. 


In practice these two reactions are carried on at the 
same time, a mixture of about 15 parts by weight of salt- 
cake, 16 parts of limestone, and 6 of coal, being heated 
in a reverberatory furnace, termed a balling-furnace, an 
elevation and section of which you see in Tigs. 12 and 13. 
After exposure to the reducing flame of this furnace for 
two hours the charge consisting of 4f cwt. is fluxed and fully 
decomposed, and then the liquid mass is scraped out into 



Fig. 13 . 


iron barrows or trucks and allowed to cool, and in this state 
is known as black-ash ball — so called from the colour of the 
mass. 
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In place of the old black-ash furnace or balling-furnace 
in which the reaction is completed by hand-labour, a new 
furnace, termed a revolving black-ash furnace, is being now 
largely employed. A representation of such a revolving fur- 
nace is seen in Fig. 14. In this the mixing of the materials 
is effected mechanically. The charge, usually consisting of 
30 cwt. of salt-cake, 32 of limestone, and 20 of slack, is 
introduced by means of a hopper into the large cylinder, B, 
placed horizontally. Through the axis of this cylinder, 
B, flames from a furnace, A, Fig. 14, are allowed to pass. 


Rerotvin^ JSlacJc^^Ash/ Furnace 



ARurrUbce. 

B. Revoh^er. 

C. Engine 
DBou 

Ti 
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End Elei^cubwrv 


This cylinder revolves first at a slow rate, and afterwards 
with an increasing velocity, finally reaching a maximum 
of five or six revolutions per minute. The cylinder is 
10 to 12 feet in diameter and 15 to 18 feet long. Each 
charge takes about two hours to work off, and when com- 
pleted the door seen in the side of the cylinder is opened 
and the fused mass allowed to flow into the iron trucks 
placed beneath it. It yields 10 balls, each being a small 
truckfull of black-ash, weighing 3 cwt. 

The advantages which the revolving black-ash furnace 
has over the hand-worked ones chiefly consist in the savins 
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of labour and in tbe production of a material wMch 
possesses a more constant composition. 

Tbe following Table gives tbe charges, theoretical and 
practical, of salt-cake, coal, and limestone used in various 
works : — 


Black-Ash Charges. 


Theoretical, S0|+ OaOOs + 0^. 

142 100 48 


ITo. 1 Works- 

LT3S practice. 

Lbs. theory. 

Salt-cake 

150 

150 

Limestone ... 

160 

105-63 

Coal-dust 

60 

50-70 

No, 2 Works — ■ 

Salt-cake 

336 

336 

Limestone 

336 

236-62 

Coal-dust 

203 

113-57 

No, 3 Works— 

Salt-cake 

252 

252 

Limestone ... 

294 

177-46 

Coal-dust 

161 

85-18 

No. 4, Lancashire charge- 
Salt-cake 

224 

224 

Limestone 

224 

157-74 

Coal-dust 

140 

75-71 

No. 5, Tyne charge — 

Salt-cake 

196 

196 

Limestone 

252 

138-02 

CcJal-dust 

126 

66-25 


Here you have a table of analyses of black-ash. You see 
that it contains a large number of other salts besides car- 
bonate of soda and mono-sulphide of calcium, though these 
two constitute its main iugredients. In practice a large 
excess of lime is used, and this gives rise, as we shall see, to 
caustic soda in the black-ash. 
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COMPOSITION OF BLACK-ASH. 

1 and 2, German Ash, analysed hy Unger and Stolimann. 
3, English Ash, analysed by Brown and Kynaston. 


ConstiLiients. 

1 

2 

8 

Sodium sulphate 

1*99 

1-54 

0*395 

Sodium sulphide 

— 

— 

— 

Sodium chloride 

2*54 

1-42 

2-528 

Sodium carbonate ... 

23-57 

44*41 

36*879 

Sodium silicate 

— 

— 

1-182 

Caustic soda ; hydrated.. 

11-12 

— 

— 

Sodium aluminate 

— 

— 

0-689 

Calcium carbonate 

12 90 

3-20 

3-315 

Calcium sulphide 

27-61 

80-96 

28-681 

Calcium, sulphite 

— 

— 

2*178 

Lime 

7*16 

8*35 

9-270 

Magnesia 

— 

0-10 

1 0-254 

Magnesium silicate 

4-74 

— 

— 

Alumina 

— 

0-79 

1*132 

Water 

2-10 

— 

0*219 

Ferric oxide 

— 

1*75 

2*668 

Ferrous sulphide 

2-45 

— 

0*371 

Silica 

— 

0-89 

— 

Sand 

2-02 

2-20 

0*901 

Charcoal 

1-59 

5-32 

7-007 

Ultramariii 

— 

— 

0-959 

Total 

99-78 

100-93 

98*18 


The next operation consists in the separation of the 
carbonate of soda from the insoluble calcium mono-sulphide, 
and the other impurities. This is easily effected by the 
process of lixiviaiion, or washing out the soluble carbonate 
of soda, leaving the mono-sulphide of calcium and the 
excess of lime and carbonate of lime as insoluble powders 
behind. In this process the object aimed at is to dissolve 
as large a quantity of the carbonate of soda with as small 
a quantity of water as possible. The arrangement of 1^- 
viating vats for effecting this is the invention of the late 
Mr. Shanks of St. Helens. A series of vats is employed 
in which the broken black-ash is placed ; pure water is 
allowed to flow on to the ash, which has already been nearly 
exhausted, and the solution then passes on until the nearly 
von, II. ^ 
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saturated liquors come in contact with the fresh black-ash. 
In this way with the least quantity of water the complete 
lixiviation of the black-ash is effected. The average 
time needed for working o:ff a vat is about forty-eight 
hours. 

The residue remaining in the vats after the soluble 
matter has been extracted constitutes what is known as 
the alkali-maker’s waste. 

It is impossible, however, by this process of lixiviation 
completely to wash out the soluble carbonate of soda, so 
that we find about 3 per cent, of soluble alkali left in the 
vat waste. 

I need scarcely remind you that this waste contains the 
whole of the sulphur from the salt-cake ; and this as a rule 
is in the insoluble state of sulphide of calcium. This waste 
is now thrown away, being either made into heaps which 
often become a nuisance in the neighbourhood of the alkali- 
works, carried out to sea, or otherwise made away with. 

A considerable excess of limestone is used in the manu- 
facture of black-ash, and this in the course of the reaction 
becomes converted into caustic lime ] on treating the mass 
with water this caustic lime transforms a considerable 
quantity of the carbonate of soda into caustic soda, and 
carbonate of lime is formed ; thus : — 

-b CaO -f- HoO = 2NaOH 4- CaCO^. 

Hence it happens that as a rule about one-third of the 
total amount of soluble soda present in the black-ash liquor 
is caustic. ^Besides this, the black-ash liquor usually con- 
tains small quantities of sulphide as well as sulphocyanide 
of sodium. 

In order to evaporate the black-ash liquors the waste 
heat of the black-ash furnace is employed. Large pans 
(n n, Lig, 14) are filled with the liquor, the water is boiled 
off, and the crystals which are deposited are scraped 
out into the drainers, e e, Fig. 14. These crystals are then 
h^ted, and yield common soda-ash, as it is termed. In 
order to separate the sulphide of sodium as well as the 
caustic soda which the black-ash liquors contain, these 
liquors are frequently oxidized and carbonated by the liquid 
being allowed to fall down towers, filled with coke, up which 
hot air mixed with carbonic acid passesr 
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Dr. C. R. A. Wriglit lias made a series of experiments on 
tte loss of soda ocenrring in the black-ash process. He 
believes the loss to be as follows : — 

Sodium salt undecomposed ... 3*49 per cent* 

Sodium compounds rendered insoluble 5 *44 , , 

Sodium compounds vaporized 1*14 ,, 

10*07 

The next branch of the soda manufacture to which I 
must direct your attention is that of the preparation of 
soda crystals or washing soda (NaaCOg-f lOHaO). For this 
purpose a warm saturated solution of carbonate of soda is 
allowed to stand for some weeks in large tanks. The 
crystals are gradually deposited and frequently grow to a 
very large size. The mother-liquor is then run off, and the 
mass of solid crystals broken up for market. 

Bicarbonate of soda (ISTaHCOg) is the next product. This 
is largely used in medicine, as also in the preparation of 
baking-powders, effervescing powders, and drinks. It is 
made by simply exposing crystalline masses of the ten-atom 
hydrate to the action of carbonic acid gas generated from 
limestone. This gas is greedily absorbed by the crystals, 
which lose their water of crystallization, and with it their 
transparency, 

hTa^GOg, 10H,O -f- CO^ = 2 ISraHC 03 + 9IL^O. 

The production of solid caustic soda has lately become 
an important branch of the alkali industry. F have already 
stated that the black-ash liquors contain a considerable 
quantity of caustic soda. When the hlack-ash crystals 
separate out, a mother-liquor, to which the name of red- 
liquor is given, is left behind, containing the whole of this 
caustic soda, and this is now largely used for the production 
of solid caustic alkali. For this purpose, however, the 
carbonate of soda, which is likewise contained in solution 
in the red-liquor, must be causticized, and this is done by 
reducing the strength of the liquor from specific gravity 
1*28 to specific gravity 1*10, and then boiling this by means 
of steam with milk of lime, the reaction which occurs 
being : 

Na^COg + Ca(OH )3 - 2NaOH + CaCOg. 
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After the carbonate of lime has separated out^ the liquor is 
rnn off, the lime-mnd remaining behind being well washed 
to extract the soluble canstic soda, and these washings being 
used for diluting fresh quantities of the red-liquor. The 
dilute caustic liquors are then either boiled down in ordinary 
boilers or evaporated in open pans, and afterwards concen- 
trated in cast-iron pots suihciently large to hold from eight 
to ten tons of finished caustic^ soda, being frequently 9 feet 
in diameter and 5^ feet deep? These pans ai'e built into 
brickwork and are heated by means of a furnace placed 
either below or on one side. At 120° C. the liquor in the pots 
begins to boil and ammonia gas is evolved ; the temperature 
gradually riSes until it reaches 260° C. The pots are next 
loosely covered, and the fire urged until the contents of 
the vessel are raised to a dull red -heat. It is now neces- 
sary^ to oxidize the small quantities of sulphides and 
cyanides which the red-liquors contain. This is effected 
by throwing in a few handfuls of nitre, or in some in- 
stances by pumping air through the hot liquid. When nitre 
is employed torrents of ammonia gas are given off, and a 
black deposit of graphite, first observed by Dr. Pauli, occurs. 
The white caustic soda contains 70 per cent, of Na^O, or 
nearly 90 per cent, of the hydrate NaOH ; a less concen- 
trated product containing 60 per cent, of is made, and 

this is termed cream caustic. TV^hen the opei*ation is 
finished the molten mass is ladled out by means of copper 
ladles into iron drums, where it is allowed to cool ; and thus 
preserved from the action of the air it may be transported 
to any distaiice. This of course is the best form of concen- 
trated alkali, and caustic is therefore largely exported to 
districts where soap is needed, and where fats can be 
obtained in quantity but where carriage is a matter of 
consequence. 

We next come to consider the alkali waste. For every 
ton of soda-ash produced, from one-and-a-half to two tons of 
waste is formed j and those of you who have been in the 
nef^hhourhood of alkali-works know in what enormous 
quantity this waste accumulates. This waste contains, as I 
have said, the whole of the sulphur burnt in the pyrites 
kilns, amounting to from 15 to 20 per cent, of the 
weight of the waste. The importance of recovering this 
sulphur, not only for the sake of the manufacturers them- 
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selves, to wlioin now it is entirely lost, but also for the sake 
of diminishing the nuisance to the neighbourhood, is patent 
to ail. The waste, even when carefully stamped down and 
when the surface is made as hard as possible or is even 
covered with cinders, invariably undergoes a certain amount 
of oxidation. The insoluble mono-sulphide of calcium then 
becomes converted into a soluble higher sulphide, and this 
coming in contact with rai|i or drainage water dissolves, 
and the solution finds its way into the ordinary drains or 
streams of a district. There meeting with the carbonic 
acid of the air, or with the acid discharges from the 
chemical works, this yellow liguor evolves sulphuretted 
hydrogen sufficient to become a nuisance to thb inhabitants 
of districts lying even several miles away from the waste. 

Many proposals have been made for recovering the sulphur 
from the waste. Amongst these, that patented in England 
by Mr. Ludwig Mond is the most important, and has proved 
the most successful. This process depends upon the fact that 
the newly lixiviated waste, being porous and warm, under- 
goes oxidation when exposed to the action of air with forma- 
tion of soluble sulphur compounds, so that on treating the 
oxidized waste with water not less than half of the total 
sulphur is obtained in solution in such a condition that, upon 
acidification with hydrochloric acid, the whole of the sulphur 
in combination is precipitated in the form of a finely- divided 
yellow powder, some fine samples of which you here see. 
The form in which the sulphur dissolves is cHefiy as hypo- 
sulphite and disulphide of calcium, and these must be 
present in such proportions that on treatment with acid 
two molecules of sulphuretted hydrogen are evolved to 
one molecule of sulphurous acid ; and hence sulphur alone 
is precipitated without evolution of either of the two gases ; 
thus : — 


2H2S + SO2 - S3 + 2H,0. 

As much as 50 per cent, of the sulphur may, according to 
Mr. Mond, be thus recovered, but as a rule not more than 
30 per cent, is practically obtained. The waste from which 
this fraction of the sulphur has thus been extracted is now 
a much more innocuous body than before, and the manufac- 
turer is a gainer by the production of the sulphur. Still aa 
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a fact this process is not usually worked in England, and it 
becomes a question whether some process of this kind may 
not, with advantage, be more generally adopted as a pre- 
ventative against the evolution of sulphuretted hydrogen. 

Another sulphim-recovery process, which is particularly 
applicable to the treatment of the alkaline drainage from old 
waste-heaps, is that proposed by Mr. Mactear. The yellow 
liquors thus obtained are mixed with lime and submitted to 
the action of sulphurous acid.^ Sulphur is then deposited, 
and calcium hyposulphite formed, whilst some sulphuretted 
hydrogen is given off. To this liquor, fresh yellow-liquor is 
added in suitable proportions, so that on the addition of 
hydrochloric<?acid no sulphuretted hydrogen is evolved, but 
only sulphur deposited. 

Out of the very many proposals which have been made to 
replace Leblanc’s original reactions by others, only one has 
been practically successful. This is theoretically a very 
simple and beautiful one, and in skilful hands has been 
found capable of being worked on a manufacturing scale. 
I have here a solution of brine, such as is obtained by pump- 
ing from the Cheshire salt-beds in hTorthwich. This I 
saturate with ammonia gas, and into the brine thus saturated 
I pass a current of carbon-dioxide. After a short time you 
observe that a white precipitate falls ; this white precipitate 
consists of bicarbonate of soda. l^othing can surely be 
simpler or more beautiful than this — ^no evolution of noxious 
fumes, no waste of sulphur j by a simple decomposition we 
at once obtain what we want j thus : — 

hrH 3 -f CO^ + NaOl 4- H,0 = IsTaHCOg+NH^CL 

The precipitate consists of bicarbonate of soda insoluble in 
the ammoniacal brine, whilst sal-ammoniac remains in the 
liquid, and from it the ammonia can be recovered by heating 
the liquor with lime. Simple and beautiful as this process 
appears to be, the difficulties which surround it are extremely 
gr^t. Although there is doubtless a future for this process 
it is very unlikely that it will interfere with the manufac- 
ture of soda by the old plan. One reason against the pro- 
cess is, that in the old process the manufacturer not only 
makes use of the sodium of the common salt, but likewise 
of the chlorine ; indeed in many alkali-works the mantifac- 
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tore of bleaclimg powder is the main, that of a. Tk'a.Ii the 
subsidiary end. Until therefore we can find a cheap mode 
of - extracting the chlorine from the chloride of calcium this 
method will hardly be much used, unless indeed Mr. Weldon’s 
proposal for employing magnesiainstead of lime andfor decom- 
posing the chloride of magnesium by steam and thus getting 
hydrochloric acid, turns out to be practically successful. 
The advantage of the procesr is, that the product obtained 
is practically pure, and the soda-ash thus prepared tests up 
to 58'5 per cent. 

'' I might further erdarge upon two most important branches 
of the alkali trade, namely, the^anufacture of bleaching 
powder and the manufacture of soap. The uescription of 
these is, however, rendered impossible by the limited time 
at my disposal, and I must conclude by referring you to some 
statistics of the manufacture. In the first place you have 
here a synoptical statement of the raw materials, products, 
and bye-products of an alkali works working 100 tons of 
pyrites from the estimates of Mr. Mactear. 


100 Pyrites. 


1’88 Nitrate of silver. 


70 Burnt Ore. 

(Sold to Copper Extracting Co ) 


136*3 Sulpliuric Acid. 


J 


160*35 Common Salt. 


176 38 Sulphate of Soda. 


274 Hydrochloric Acid 
at 1 16 sp. gr. 

47 ’45 Manganese Dioxide. 86 81 Lime 1 

i I ) 


I 


67*02 Coal. 


65*45 BleaSnng^Powder. 42 76 Recovered Manganese. 

17*63 Lime, 


123*46 Limestone. 


134*05 Soda ash at 48 per cent, alkali, 111 *12 waste, 

or 91*63 Caustic Soda at 60 per cent, alkali, 
or 242 8 Soda crystals. 
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Secondly yon will find tlie following statistics of the 
alkali trade of the United Kingdom, lately obtained by the 
Alkali Association, of interest, as showing the magnitude 
of the interests involved in the manufacture : — 



1862. 

1876. 

Annual Yalue of Finished Products 

£2,500,000 

£6,500,000 

Weight of Dry Products 

Tons 

280,000 

Tons. 

845,000 

Eaw Materials used : Salt 

Coals .... 
Limestone & Chalk 
Lime .... 
Pyrites .... 
Nitrate of Soda . 
Manganese 

Tons. 

254,600 

961.000 
280,500 

264.000 
8,300 

83,000 

Tons. 

538,600 

1,890,000 

588.000 

139.000 

376.000 
12,200 
18,200 


1,801,400 

3,562,000 

Capital employed in the Business . 

£2,000,000 

£7,000,000 

Annual Cost of Materials for Eepairs - 
,, ,, ,, and Packages 

£135,500 

£700,000 

Hands employed in the Manufactories . 
Wages paid them annually .... 

10,600 

£549,500 

22,000 

£1,405,000 

Weight of Alkali (Soda) exported . . 

Tons. 

104,762 

Tons. 

270,856 

Value thereof 

£885,245 

£2,209,284 


The following manufactures depend upon the products of 
the alkali trade : — 

Si?ap. Cotton. Purification of Oils. 

Candles. hiiien. All Chemical Manufactures 

^1*^®®* "Woollen. of any magnitude. 

Paper. Colour Making. 






